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A Tale of Two Symbioses: Development and Maintenance of Bacterial Partnerships with the 
Hawaiian bobtail squid 
 
Sarah J. McAnulty 
University of Connecticut, 2019 
 
Beneficial associations with microorganisms are widespread in the animal kingdom. The 
Hawaiian bobtail squid (Euprymna scolopes) has two symbiotic organs with bacteria. The light 
organ symbiosis contains one species of bioluminescent bacteria, Vibrio fischeri, which produces 
light allowing the squid to camouflage itself against down-welling moonlight. The second organ, 
the accessory nidamental gland (ANG), is found only in female squid and houses a consortium of 
bacteria1. Bacteria from the ANG are deposited into the squid’s egg jelly coat 2, where they play 
a defensive role against biofouling 3 1,4.  
This dissertation characterizes the development of the ANG showing that the nascent 
ANG develops to recruit bacteria from the environment. Furthermore, in laboratory culture, 
ANG tubules do not form and the host is not colonized in the absence of an environmental cue 
found in substrate from the host’s natural environment. In captivity, ANGs developed by raising 
squid on sand collected from the host’s natural environment, suggesting that specific bacteria 
may be required for development.  
Immune cells are thought to be important for the maintenance of symbiosis. Live cell 
microscopy with squid immune cells (hemocytes), revealed that hemocyte-bacteria interactions 
are partially mediated via bacteria membrane components. These assays identified specific 
molecules that may play a role in recognition of the symbiont, including an outer membrane 
porin, OmpU and lipopolysaccharide. This work also showed that long-term colonization by V. 
fischeri influenced development and maturation of the host hemocyte response specifically to the 
symbiont.  
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"The Kraken" (1830) 
 
By Alfred Lord Tennyson 
 
Below the thunders of the upper deep; 
Far far beneath in the abysmal sea, 
His ancient, dreamless, uninvaded sleep 
The Kraken sleepeth: faintest sunlights flee 
About his shadowy sides; above him swell 
Huge sponges of millennial growth and height; 
And far away into the sickly light, 
From many a wondrous grot and secret cell 
Unnumber'd and enormous polypi 
Winnow with giant arms the slumbering green. 
There hath he lain for ages, and will lie 
Battening upon huge seaworms in his sleep, 
Until the latter fire shall heat the deep; 
Then once by man and angels to be seen, 









The Hawaiian bobtail squid is a model for host-microbe interactions 
Most animals engage in associations with bacterial symbionts, many of which are important for 
maintaining the health of the animal. The Hawaiian bobtail squid (Hawaiian: mūhe’e, Latin: 
Euprymna scolopes) is a model organism for the study of host-microbe interactions. E. scolopes 
contain two major symbiotic organs; the light organ and the accessory nidamental gland (ANG). 
The better studied of these two symbioses is the light organ, which contains the bioluminescent 
bacterium Vibrio fischeri. The light emitted from this symbiotic organ obscures the squid’s 
silhouette, making squid harder to detect by predators swimming below. The second of these two 
symbioses, the ANG, is only present in the reproductive system of female squid and houses a 
bacterial consortium 5. Bacteria present in the ANG are deposited into the jelly coat of squid 
eggs, where they are hypothesized to protect developing embryos from biofouling by marine 
bacteria and fungi6 (A. Kerwin, personal communication, A. Suria personal communication). 
The Hawaiian bobtail squid therefore offers a unique opportunity as a model organism because it 
allows the study of how a host interacts with and mediates both a binary and consortial 
symbiosis.  
 
The accessory nidamental gland symbiosis 
Bobtail squid 5 , cuttlefishes7, and many myopsid squid8 contain a consortium of bacteria 
housed in the ANG, a collection of epithelium-lined tubules that is part of the in the female 





reproductive system. The Hawaiian bobtail squid ANG houses primarily  The 
Alphaproteobacteria, Verrucomicrobia, Gammaproteobacteria, and Flavobacteriia 5,9,10 . The E. 
scolopes core community (members of the community that are present in 70% or more of 
samples tested)  contains 52 operational taxonomic units (OTUs), including the 
Alphaproteobacteria and Verrucomicrobia 10. Bacteria are housed in tubules with one taxon per 
tubule. It is hypothesized that within each tubule, the squid provides a combination of nutrients 
or other conditions to best suit the strain housed therein.  
Squid eggs are composed of an embryo inside a chorion layer surrounded by concentric 
layers of jelly and held together with an outer capsule 10. Many members of the bacterial 
community have been isolated from the jelly coat of eggs 6,11 and some of these isolates 
demonstrate antimicrobial activity in vitro, including Leisingera sp. JC1 6.  When eggs from E. 
scolopes are treated with antibiotics, eggs become overgrown with fungus, leading to the death 
of developing embryos (A. Kerwin, personal communication), suggesting that these bacteria play 
a protective role during development.  
Bacterial symbionts can be transmitted vertically, as in many insects12–14 ,or horizontally, 
as in the light organ symbiosis 15, Riftia 16, and anglerfish 17. 16S sequencing from previous 
work10 showed overlap between sediment OTUs and those present in the ANG, supporting the 
hypothesis that the environment is the source for the ANG community. Evidence presented in 
this thesis supports the hypothesis that like the symbionts within the light organ, accessory 
nidamental gland symbionts are acquired from the environment. 
Specificity in a consortium: Development of the accessory nidamental gland 
Many hosts contain organs that have specifically evolved to house bacterial symbionts [e.g., 
digestive tract of mammals 18, light organs of squids and fishes 19,20, the trophosome of 
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tubeworms 21, bacteriocytes of insects 22, or root nodules of leguminous plants 23. Hosts can often 
select for specific symbionts from the environment 24 through a combination of chemical and 
physical measures to ensure specificity 16,25–27. These symbionts are also known to influence the 
development of these organ systems 18–23. The mechanisms for specificity in initial colonization 
of the light organ symbiosis have been well described, however descriptions of ANG 
colonization are still in their infancy. In chapters 2 and 3 of this thesis, I describe the early 
characterizations of the development of the ANG and the laboratory conditions required for 
initiating the symbiosis.   
 
The squid-vibrio symbiosis 
For the past 30 years, the squid-vibrio symbiosis has been studied as a model association to 
investigate host-microbe interactions including the influence of beneficial bacteria on innate 
immunity and development 15,28. E. scolopes provides a tractable host for studying microbial 
interactions with the innate immune system, due to the simplified binary symbiosis found in the 
light organ that is home to the single bacterial symbiont, V. fischeri (Figure 1). The nocturnal 
host uses light produced by V. fischeri to mask itself from predators while hunting, in a behavior 
known as counter-illumination 29. When juvenile squid first hatch, they must recruit V. fischeri 
from the surrounding seawater where the symbiont makes up less than 0.1% of the total bacterial 
population 30,31. The process of colonization must therefore be efficient and occur each 
generation with high fidelity as only V. fischeri has been found to colonize the light organ. The 
juvenile organ is poised to recruit V. fischeri from the environment; a ciliated superficial 
epithelium consists of pairs of appendages that extend from either side of the organ to entrain 
seawater containing V. fischeri and other environmental bacteria (Figure 1; McFall-Ngai and 





Ruby, 1991). Through a number of cellular, biomechanical, and biochemical mechanisms, 
successful colonization occurs when V. fischeri cells enter the pores, migrate through a ciliated 
duct, and make their way to the epithelium-lined crypts 15,24. Light organ morphogenesis occurs 
after successful colonization, and includes the apoptosis and regression of the ciliated 
appendages 96 hours post-colonization (McFall-Ngai and Ruby, 1991; Montgomery and McFall-
Ngai, 1994). These developmental events are triggered by Microbe-associated molecular patterns 
(MAMPs) from V. fischeri including LPS, outer membrane vesicles (OMVs), and tracheal 
cytotoxin (TCT, a derivative of peptidoglycan; Figure 1E; Aschtgen et al., 2016; Koropatnick et 
al. 2004; Foster et al. 2000).The light organ remains open to the seawater for the lifetime of the 
squid allowing for a venting of 95% of the V. fischeri community each day at dawn 36,37. Despite 
a direct connection to the environment, non-symbiotic bacteria are unable to colonize the light 
organ  (Nyholm and McFall-Ngai, 2004; Koch et al., 2013).  The mechanisms of specificity in 
the squid-vibrio association include many biochemical and biophysical factors and interactions 
with the host’s immune system. For example, before entering the light organ, V. fischeri interacts 
with host-derived mucus that contains a number of antimicrobial factors, including nitric oxide 
39, peptidoglycan recognition protein 1 40 (PGRP1), lipopolysaccharide binding proteins41 
(LBPs), lysozyme 42, and hemocyanin 43. Before reaching the crypts, V. fischeri must also 
migrate through ciliated ducts containing reactive oxygen and nitrogen species, which V. fischeri 
is able to tolerate due to neutralizing molecules it produces. 39,44,45.  
 
The language of symbiosis: communication between immune cells and bacteria 
Understanding the mechanisms by which host immune systems and beneficial bacteria 
communicate is a fundamental question in the fields of immunology and symbiosis. Squid 
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immune cells (hemocytes) are thought to be involved in a number of processes in the 
management of this symbiosis, including the recognition of non-symbiotic bacteria and the 
contribution of chitin as a nutrient source for V. fischeri, the catabolism of which promotes 
bioluminescence. Hemocytes are hypothesized to recognize bacteria through interactions with 
pattern recognition receptors (PRRs) and microbe-associated molecular patterns (MAMPs). 
Colonization of the squid light organ by V. fischeri has been shown to affect the bacteria-binding 
behavior, gene expression, and proteome of hemocytes, indicating that the symbiont can 
modulate host immune function 46–48 . In addition, female squid house a second symbiosis 
comprised of a bacterial consortium within the accessory nidamental gland of the reproductive 
system, where hemocytes have been observed interacting with the residing bacterial 
community1,49. E. scolopes therefore offers a unique opportunity to study how the innate immune 
system of a host interacts with both a binary and consortial symbiosis.  
 
Studies in a number of animal-microbe symbioses have revealed that bacteria are active in a 
wide range of biological processes 50.  Along with the well-characterized role of microbes in 
digestion, symbionts also contribute to host defenses in a number of ways. For example in 
mammals, the microbiota contribute to host defense through competition or direct antagonism 
with other microbes along with influencing the development of gut-associated lymphoid tissues 
and components of the innate and adaptive immune systems 51,52.  The establishment of these 
beneficial associations is often critical for host health, and dysbiosis of the microbiota is linked 
to a number of diseases including diabetes 53, obesity 54, irritable bowel disease 55, multiple 
sclerosis 56, and colorectal carcinoma 57. In other systems, host-associated microbiota can also 





defend against fungal and bacterial infections on skin and eggs 6,58,59, and contribute to 
camouflage through bioluminescence 29,60.  
 
Across phyla, beneficial symbioses play an important role in maintaining healthy immune 
interactions 15,61,62. Immune cells with phagocytic function, often referred to as hemocytes among 
invertebrates, are major components of the cellular innate immune system and have been found 
to mediate host-microbe interactions in a number of beneficial and pathogenic associations 
37,48,63–72. For example, in pea aphids, tsetse flies and squid, beneficial bacteria influence 
hemocyte proliferation and/or trafficking to specific tissues 68,69,73,74. All animal immune systems 
must strike a balance between promoting healthy microbiota and mounting a robust defense 
against pathogens. In order to maintain healthy associations, hosts must be able to distinguish 
between beneficial symbionts and unwanted microbial intruders. This recognition is often 
mediated by interactions between host pattern recognition receptors (PRRs) and microbe-
associated molecular patterns (MAMPs).  These MAMPs may include microbial components 
like peptidoglycan, lipopolysaccharide (LPS), outer membrane proteins, fimbriae and bacterial 
flagellar proteins75–79 .  
 
Hemocyte interactions with V. fischeri 
In addition to the hurdles mentioned above, the symbiont also encounters the cellular component 
of the host’s immune system, macrophage-like (Figure 1B;80). E. scolopes is believed to have 
only one morphological type of blood cell and these hemocytes flow through a closed circulatory 
system along with the extracellular oxygen binding protein hemocyanin 37,81. Hemocytes migrate 
from the circulatory system and through tissues including two prominent organs that house 
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symbiotic bacteria; the light organ and the accessory nidamental gland (ANG; a female 
reproductive organ; Figure 1). Upon the initiation of the light organ symbiosis, as few as 3-5 V. 
fischeri cells induce hemocyte trafficking into the ciliated appendages of the nascent organ via 
signaling by the MAMPs, TCT and OMVs 73,74,82,83. Hemocytes were also shown to internalize 
OMVs84 but how these and other MAMPs are detected by hemocytes is unclear.  These cells do 
express a number of pattern recognition receptors, including PGRPs, a Toll-like receptor (TLR), 
and galectins (see below;1,47).  The role of hemocytes in light organ morphogenesis is not 
completely understood, but they are hypothesized to be involved in restructuring of the ciliated 
appendages during morphogenesis and after the initiation of symbiosis 74. Gelanolytic activity 
via a matrix metalloproteinase (MMP) may contribute to this process 79 and an MMP was 
differentially expressed in adult hemocytes depending on the colonization state of the light organ 
47. 
 
In symbiotic juvenile animals, hemocytes have been observed with internalized bacteria in the 
light organ crypt spaces (Figure 1; 80). This observation led to the question of whether hemocytes 
can distinguish between symbiotic and non-symbiotic bacteria. An in vitro study using adult 
hosts showed hemocytes from colonized squid bound significantly fewer cells of V. fischeri and 
the closely related but non-symbiotic Vibrio parahaemolyticus than Vibrio harveyi and 
Photobacterium leiognathi85. However, once the light organ was cured (i.e., treated with 
antibiotics to remove the light organ symbiont), hemocytes bound significantly more V. fischeri, 
while binding to all non-symbiotic bacteria remained unchanged. These findings suggest that 
hemocytes can distinguish between related bacteria (all strains tested were within the 
Vibrionaceae) and that colonization state influences the binding behavior of the hemocytes 





specifically towards V. fischeri. These observations have led to investigations of the molecular 
mechanisms by which colonization alters the cellular immune response of the host.  
 
A combination of both symbiont and host factors are likely involved with mediating a change in 
hemocyte tolerance to V. fischeri.  A V. fischeri mutant lacking the porin outer membrane protein 
U (OmpU) bound to hemocytes significantly more than wild-type (WT) V. fischeri ES11448. WT 
V. fischeri may secrete or produce immunomodulatory molecule(s) via this porin that mediate 
binding to hemocytes. However, because curing experiments led to a global change in hemocyte 
binding response to V. fischeri, transmitted signal(s) from the symbiont likely influence the host 
systemically either through the circulatory system directly or via hemocytes that encounter V. 
fischeri and migrate from the light organ crypts to other organs in the body.  In cephalopods, 
hemocytes develop in the hematopoietic organ, the white body, which is a highly vascularized 4-
lobed organ located between the eyes and optic lobe86 (Figure 1C).  A number of innate 
immunity and hematopoiesis genes have been detected in the white body of related Euprymna 
tasmanica but the role of this organ in the light organ symbiosis has not been studied 87. Future 
studies will characterize whether colonization influences hematopoiesis in E. scolopes and 
whether V. fischeri transmits signals to developing hemocytes in the white body.  
 
An omics approach to understanding hemocyte-symbiont interactions  
To understand how colonization state influences hemocyte gene and protein expression, two 
studies employed transcriptomics and proteomics to investigate circulating hemocytes in adult 
hosts 46,47 (Figure 2). These studies investigated the transcriptome of circulating hemocytes and 
compared the proteome of circulating hemocytes from symbiotic and cured squid. 
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Transcriptomics of circulating hemocytes revealed a number of innate immune-related genes and 
proteins, some of which were differentially expressed. These  included a peptidoglycan 
recognition protein (EsPGRP5), nitric oxide synthase, a MMP, and cephalotoxin 47. EsPGRP5 
was among the most abundant transcripts expressed in hemocytes and is predicted to have 
amidase activity, meaning it has the potential to degrade bacterial peptidoglycan. A previous 
study demonstrated that the amidase activity of another PGRP (EsPGRP2), likely plays a role in 
mediating interactions with V. fischeri in the light organ crypts and during the onset of the 
symbiosis 89.  A quantitative proteomic analysis of hemocytes from colonized and cured animals 
identified 1,024 proteins, 37 proteins of which were differentially abundant between colonization 
states 46. Among these were proteins involved in cytoskeletal restructuring and cell adhesion 
(beta-tubulin, gelsolin, stathmin), cell stress (heat shock proteins), lysosomal proteins (cathepsin, 
ganglioside gm2 activator precursor), proteases, and other innate immune proteins (sushi von 
Willebrand factor type A). Protein abundance of pattern recognition receptors also differed 
between colonization states, including a galectin (more abundant in animals with V. fischeri in 
the light organ), and EsPGRP5 (less abundant in in animals with V. fischeri in the light organ).  
Combined, these “omics” data provide evidence that colonization by V. fischeri influences 
hemocyte gene expression and protein abundance. These data, together with binding and 
phagocytosis assays 48, suggest colonization has a systemic effect on cellular innate immune 
function. The influence of colonization on hemocyte recognition of V. fischeri likely involves a 
complex signaling process between host and symbiont. Proteomic techniques have been valuable 
tools for identifying candidate effectors, and these hemocyte proteins and MAMPs are now being 
investigated experimentally for their roles in specific recognition. The particular signaling 





molecules (e.g. MAMPs) that may induce tolerance, and host proteins that are involved with 
specific bacterial binding have yet to be characterized, but this is an area of active investigation.  
 
Hemocytes as a source of chitin for the light organ community 
In addition to their role in distinguishing between symbiotic and non-symbiotic bacteria, 
hemocytes have recently been demonstrated to act as a nutrient source for V. fischeri in adult 
hosts 90. Hemocytes have been observed in light organ crypt spaces80 where they increase in 
numbers during the evening when the symbiont population is greatest 90. E. scolopes hemocytes 
are rich in chitin as are many other invertebrate hemocytes 91. This chitin is localized in acidic 
compartments within the cells and delivered to the symbiotic population of the light organ at 
night after cell membrane blebbing and lysis of a subset of hemocytes (Fig. 1E; 83). 
Transcriptional changes over the course of the day-night cycle in both host and symbiont 
revealed an increase in expression of chitinases by the symbiont and chitotriosidase by the host 
at night 92.  The lumen of the light organ becomes increasingly acidic during the evening due to 
catabolism of chitin by symbionts, eventually reaching a pH of 5.5 81.  This acidic environment 
causes the oxygen-binding protein hemocyanin to release bound oxygen. The release of oxygen 
subsequently allows for an increase in V. fischeri bioluminescence, as oxygen is required for 
light production 81. V. fischeri has been shown to chemotax toward host-derived chitobiose in the 
mucus secreted from the juvenile light organ during the initiation of the symbiosis, further 
underlining the importance of chitin in the association 93. Hemocytes therefore act as sentinels, 
contributing to specificity in the light organ and as a nutritional source for the symbionts that 




Contributions in this thesis 
The overarching themes I have investigated during my doctoral work include how symbioses are 
initiated and how those relationships are maintained. I characterized the morphological 
development of the ANG both in the lab and from wild-caught animals and described the 
structure of the tissue that we believe to be involved in the recruitment of environmental bacteria 
to the organ. I also investigated what environmental conditions need to be in place for successful 
colonization of the ANG and found that environmental bacteria present in the sediment are 
essential for normal development to take place. The initial colonization process in the light organ 
has been well characterized, and so the focus of my work on the light organ symbiosis has been 
focused on the mechanisms by which immune cells distinguish between V. fischeri and other 
bacteria. Overall, this thesis has laid the groundwork for more mechanistic studies of the ANG, 














FIGURE 1. Morphology and symbiotic organs of Euprymna scolopes (A) Hawaiian bobtail 
squid (Euprymna scolopes) (B) Hemocyte from E. scolopes as viewed by confocal microscopy 
stained for actin (green) and DNA (blue) (C) Cartoon depicting the two main symbiotic organs, 
the light organ and the accessory nidamental gland (ANG), along with the white bodies (sites of 
hematopoiesis).  Hemocytes from the vasculature migrate into both the ANG (transmission 
electron micrograph) and light organ (confocal micrograph showing a hemocyte expelled from 
the light organ after venting) where they interact with bacteria (arrows). (D) Juvenile light organ 
showing hemocytes that have trafficked into the sinuses of the ciliated appendages. Hemocytes 
may also migrate into the crypt spaces where they interact with V. fischeri. (E) Adult light organ 
showing the complex crypts spaces that house V. fischeri. The crypt spaces are connected 
directly with the environment via two pores on either side of the light organ. Although always 
present, more hemocytes migrate into the crypt spaces each night where a subset of these cells 




FIGURE 2 Colonization by V. fischeri influences the systemic hemocyte transcriptome and 
proteome. Proteomics and transcriptomics on hemocytes from colonized and cured squid have 
revealed a number of immune-related genes that are differentially abundant between colonization 
states. Multiple PRRs were identified, along with components of the compliment cascade, 
antimicrobial enzymes, and NF-κB pathway. Differential expression is indicated by heat map 
(bottom right). Genes and proteins that were detected in the transcriptome of circulating 
hemocytes but were not observed to be differentially expressed are indicated in black. Proteins 
with localizations are based on protein homology or immunofluorescence; asterisk (*) Acronyms 
defined as follows: MMP: matrix metalloproteinase, TEP: thioester containing protein, CD109: 
cluster of differentiation 109, PGRP: peptidoglycan recognition protein, TLR: toll-like receptor, 
TRAF TNF Receptor Associated Factor, Rel: Relish, NOS nitric oxide synthase, LeechCAM: 














Development of the accessory nidamental gland over the course of female Euprymna scolopes 
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The accessory nidamental gland (ANG) of the Hawaiian bobtail squid, Euprymna 
scolopes, is a female reproductive organ that contains a symbiotic bacterial consortium that is 
deposited in eggs where it is hypothesized to prevent microbial fouling. The symbiont 
community is environmentally transmitted and conserved across wild populations yet little is 
known about how the organ develops and is colonized by environmental bacteria. In order to 
understand the development of the ANG, we characterized the organ in both wild-caught and 
laboratory raised animals using histology and confocal and transmission electron microscopy. 
We found that ciliated pores develop and proliferate during what we hypothesize to be a bacterial 
recruiting stage, between approximately 5-12 mm mantle length, or between 2 weeks and 1 
month after hatching. The bacterial recruiting layer of tissue regresses after the colonization 
window closes. Animals raised in the absence of the ANG bacterial community develop the 
bacterial recruiting tissue but this layer regresses by adulthood, resulting in animals lacking an 
ANG. An analysis of the bacterial diversity in ANGs of different sizes using 16S amplicon 
sequencing demonstrates that the bacterial community changes as the squid approaches sexual 
maturity, increasing in community evenness, and shifting from a Verrucomicrobia-dominated 
community to an Alphaproteobacteria-dominated community. Understanding the manner of 
development of the ANG will expand the use of E. scolopes as a model for also understanding 
bacterial consortia in marine symbioses. 
Introduction 
Juvenile E. scolopes hatch with a light organ primed for colonization by Vibrio fischeri, 
which occurs within twelve hours of hatching15. At hatching, squid lack all reproductive organs. 
While growing to sexual maturity, female squid must form their accessory nidamental gland 





(ANG), a symbiotic secretory organ which contains a diverse consortium of bacteria. In adult 
females, the ANG is composed of a tangled network of tubules, each of which contains its own 
dominant bacterial taxon1. The symbiotic community in adult females is dominated by 
Alphaproteobacteria and Verrucomicrobia, with a smaller proportion of Gammaproteobacteria, 
and Flavobacteriia 1,10. This bacterial community is deposited into the jelly coat of E. scolopes 
eggs, where it serves a protective function for the developing embryos10 3 . 
Microbial symbionts can be passed to the next host generation by two mechanisms. 
Either the microbes are transferred vertically, directly from parent to offspring, or horizontally, 
by reacquiring the community from the environment94. Despite the transmission of the bacterial 
symbionts from the ANG to the egg jelly coat, this symbiosis was shown to be environmentally 
transmitted8,10,95. The majority of OTUs present in the ANG have also been found in the seawater 
and sediment of the squid’s native environment10, supporting the hypothesis of environmental 
transmission. The embryos are maintained in an apparently sterile yolk sac within the thick 
chorion membrane, and despite contact with bacteria squid experience when passing through the 
jelly coat during hatching, squid do not develop ANGs without the addition of environmental 
bacteria in the sand (Chapter 3). Additionally, recent work showed that in the absence of living 
bacteria, the ANG is not present in adult animals, and that bacteria present in sand from the 
environment is sufficient to seed the developing ANG during development (Chapter 3).  
The development of the ANG tissue has only been studied in a few cephalopods: in the 
cuttlefish Sepia elegans and Sepia officinalis, and in the squids Loligo vulgaris 49and Doryteuthis 
opalescens8. The study of the two Sepia species and one Loligo species is based solely on 
preserved museum specimens. These studies concluded that cephalopod ANGs arise from paired 
ectodermal epithelium, and that depressions develop which eventually grow into tubules49, 
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observations which are in line with that of a more recent study on D. opalescens8. In D. 
opalescens, the beginning of ANG development was shown to occur as a single layer of 
epithelial tissue adjacent to the ink sac in an 87-day-old juvenile8. This single layer of tissue was 
composed of invaginations and was coated in cilia and microvilli. The development of the ANG 
was traced only until day 129 of development, at which point more layers of epithelial tissue had 
accumulated, deepening the invaginations8. At this final stage, the published TEMs appeared to 
include invaginations which had begun to close off towards their bases, but the majority of the 
tissue consisted of invaginations, and no true tubules were observed, leaving some doubt as to 
the remainder of ANG tissue development. 
While the development of the ANG has been previously examined in other groups of 
cephalopods, no one has examined ANG development in the bobtail squids. In addition, no one 
has examined the development of the ANG symbiotic community in any cephalopod, aside from 
some morphological observations. In this study, we examine the development of the ANG and 
the ANG bacterial consortium over the course of E. scolopes sexual maturation. We also 
characterize morphological changes that occur over the course of development.  
Materials and Methods 
Animal collection 
Immature E. scolopes females of various sizes (between 5 and 18 mm mantle length) 
were collected from Maunalua Bay, Oahu, HI (n=23, 21°26’3.36”N, 157°47’20.78”W), and 
Kaneohe Bay, Oahu, HI (n=5, KB, 21°16’51.42” N; 57°43’33.07” W). Mantle length (ML) of 
the squid was recorded, and the internal anatomy was noted upon dissection. Squid under 20mm 
ML were considered immature, and generally lacked eggs in the mantle cavity. The ANG 
coloration and morphology was also recorded. Bobtail squid were sacrificed in Oahu or were 





transported to Connecticut and briefly maintained in aquaria prior to sacrifice. Animals were 
anesthetized in 2% ethanol in filter-sterilized seawater (FSSW) prior to sacrifice. Dissected 
tissues were surface-sterilized through washing, first in 99% ethanol, then in filter-sterilized 
squid Ringer’s solution (Collins et al. 2012). 
Animal Raising  
Wild-collected animals were mated approximately once per month and eggs were 
maintained in aerated recirculating tank systems. Upon hatching, hatchlings were immediately 
transferred to 3 gallon horse feed troughs (Fortiflex, Durado, Puerto Rico), modified for a flow-
through tank system. Juveniles were fed mysid shrimp until they were large enough to prey upon 
glass shrimp. Juvenile squid were raised on sand collected from below the low tide line on 
Maunalua Bay, Oahu, HI (21°16’51.42”N, 157°43’33.07”W), as described in Chapter 3, and 
animals raised in the absence of environmental bacteria were raised on autoclaved sand.  
DNA extraction, sequencing, and analysis 
ANGs were homogenized in filter-sterilized squid ringers (FSSR) and centrifuged at 100 
X g for five minutes to separate host tissue from the bacterial cells. The supernatant containing 
the bacterial cells was then removed and centrifuged at 5,000 X g for five minutes to pellet the 
bacteria. DNA was extracted from ANGs using the DNeasy Blood and Tissue kit (Qiagen, 
Valencia, CA) and a bead-beater (Mini-Beadbeater-16, BioSpec Products, Bartlesville, OK), as 
in Kerwin and Nyholm (2017). DNA concentration was determined using the Qubit® dsDNA 
High Sensitivity assay (ThermoFisher Scientific Inc., Waltham, MA) and averaged 24.5 ng/µl ± 
18.1 ng/µl, all samples were greater than 1.8 ng/µl. 
Extracted DNA was amplified with barcoded primers96  for the V4 region of the 16S 
rRNA gene, and sequenced on an Illumina MiSeq (Illumina, San Diego, CA, USA) following 
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previously described protocols97,98. Some samples were processed by the UConn Microbial 
Analysis, Resources and Services facility. 
Extraction and PCR controls were processed and sequenced simultaneously with all 
samples. Less than 1000 sequences/control were obtained in all cases, and the majority of 
sequences in these controls belonged to a single Escherichia OTU. Most other OTUs present in 
the controls were not present in the ANG samples. Three Rhodobacteraceae OTUs also 
associated with the community were obtained in the controls as well, but accounted for less than 
1% of sequences for the control samples. In addition, the presence of Rhodobacteraceae in the 
ANG has been previously established through the use of fluorescence in situ hybridization1  and 
through sequencing10. No Verrucomicrobia OTUs were found in any of the control samples.  
Sequencing data were analyzed following established protocols using QIIME97–99. 
Operational taxonomic units (OTUs) were assigned at the 97% identity level using de novo 
methods. QIIME was used to analyze alpha-diversity, but the log2 Shannon Index was converted 
to a natural log Shannon Index. Alpha diversity was plotted against female mantle length and a 
linear regression was performed in PRISM. Beta-diversity PCoA plots were created in Excel 
based on the Bray Curtis metric. Taxonomic diversity relative abundance was also plotted 
against female mantle length and a linear regression and nonlinear regression for an exponential 
model were performed for this analysis as well in PRISM, with the higher R2 value curve 
selected. Sequences were compared to sequences from a prior study10 accessioned in the 
European Nucleotide Archive (ENA) under project ID PRJEB14655, as well as to sequences 
analyzed in Kerwin, 2018. 
Microscopy 





Whenever possible, nascent ANGs were imaged immediately upon dissection on a Zeiss 
Discovery.v20 SteREO Scope. Animals raised in the laboratory were submersed in cell tracker 
orange CMRA (ThermoFisher Cat# C3455) for 30 minutes to allow for fluorescence microscopy 
on the Zeiss Discovery.v20 SteREO Scope immediately after sacrifice. Lab-raised squid were 
also fixed in 4% formaldehyde and stained with Alexa 568-conjugated phalloidin for imaging on 
the Nikon A1R confocal microscope. Nascent ANGs from a 12.5mm ML, a 14.5mm ML, and a 
17.5mm ML immature female, and an ANG from a mature 24 mm ML female were fixed in 
formalin and embedded in paraffin prior to serial sectioning. Periodic acid-Schiff staining was 
then completed for selected sections.  Briefly, slides were deparaffinized in xylitol for 10min, 
and then for an additional 5 min in fresh xylitol, and were then rehydrated with 5 min washes in 
ethanol (100%, 100%, 90%, 80%, 70%, 50%) and then in distilled water.  Sections were placed 
in 0.5% Periodic Acid solution for 5 min, rinsed in distilled water, then placed in Schiff reagent 
for 15 min. Sections were rinsed in lukewarm tap water for 5 min, then stained with hematoxylin 
for 2 min and rinsed in lukewarm tap water for 5 min.   Section were then dehydrated again: 
washed in water for 2 min, then in 50% ethanol for 2 min and in 70% ethanol for 30 sec, then in 
progressively higher concentrations of ethanol (80%, 90%, 100%, 100%) for 2 min each, then 
washed twice in xylitol for 2 min each. Slides were allowed to air dry, then mounted with 
Permount. Sections were imaged on a Zeiss Discovery.v20 SteREO Scope for an overview, and 
then on a Zeiss Axiovert 200M and a Nikon A1R Confocal for finer examination of the tissues.  
ANGs from 13mm and 16mm mantle length immature wild animals, and from a >20mm 
mantle length mature squid, were prepared for transmission electron microscopy as previously 
described (Kerwin and Nyholm 2017; Collins et al. 2012). Briefly, ANGs were placed in a 2.5% 
gluteraldehyde, 2% paraformaldehyde fixative solution in a 0.1 M sodium cacodylate buffer with 
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0.375 M NaCl (to adjust osmolarity), and 0.0015 M MgCl2 and CaCl2, at pH 7.5. Fixed ANGs 
were washed in a buffer solution lacking the aldehyde fixatives but otherwise of the same 
formula as noted above. ANGs were placed in a solution of 1% osmium and 0.8% potassium 
ferricyanide (for brighter staining of membranes and bacteria) for 1.5 hours at 4° C. ANGs were 
transferred to a transition fluid, propylene oxide, for two washes of 15 minutes apiece. Propylene 
oxide was used when ethanol was found to not provide for effective embedment. ANGs were 
embedded in Spurr’s epoxy resin. Embedded ANGs were sectioned on a Leica UCT 
Ultramicrotome. Semi-thin sections (1 µm thick) were cut with a glass knife, stained with a 1:1 
solution of Azure II and Methylene Blue, and visualized via a Zeiss Axiovert 200M light 
microscope to examine gross morphology. Ultrathin sections (90 nm thick) were generated using 
a diamond knife and were collected on thin-bar 300 count grids. Sections were stained with 
uranyl acetate for ten minutes, and with lead citrate for five minutes. All samples were imaged 
on a FEI Technai Biotwin transmission electron microscope at a variety of magnifications. For 
all samples a minimum of three sections were observed, and for most samples 7-12 sections were 
observed. 
Results 
ANG tissue development  
While E. scolopes mantle size (distance from base of eyes to posterior of squid) is only 
loosely correlated with age under laboratory conditions (S.J. McAnulty, personal observation.), 
mantle size does appear to be correlated with maturity level. Females under 4 mm mantle length 
(ML) have never been found with visible ANGs or nidamental glands (by microscope), and 
squid of that size are generally quite difficult to sex (not shown, n=11 lab-raised, 3 wild-caught). 
At the macroscopic level, the smallest animals (4mm ML) had a small bud of tissue with 





channels (n=5 lab-raised Figure 1C) that were only visible under magnification. No pores were 
present in animals at this size. Nidamental glands were not present in animals at the smallest size 
class, and the bud was identified as the nascent ANG. Pores were first visible between 5 and 
6mm ML (n=3 lab-raised, 5 wild-caught Figure 1D), but very few pores were present and only 
appeared in the center of the pad. Lines of what would have become pores radiate out from the 
center of the pad. When squid reach 7-12 mm ML these organs were visible by eye but quite 
small (n=9 lab-raised n=5 wild-caught, Figure 2A). Animals between 10-13 mm ML had two 
small nidamental glands which lacked the brightly colored channel found in adults, and 
contained a transparent bi-lobed structure, each wing of which was covered in regular pits (n=3 
lab-raised, 2 wild-caught Figure 1B). Pre-pore channels still existed in these animals. By 12 mm 
ML, channels were no longer present and the entire surface of lobes was made up of ciliated 
pores.  In animals of this size, the ANG appeared fairly translucent white/cream color, although 
more opaque than the previous stage, and still quite small. Between 13-14 mm ML, the surface 
of the nascent ANG appeared to become disordered, and we hypothesize that this is apoptotic 
tissue, as the surface is being reorganized into the adult form of the organ (Figure 3A, C). By the 
time females approached 15 mm ML, the bi-lobed structure appeared merged into a single tissue, 
vaguely heart-shaped, similar to that found in adults, but still quite small (n=3). Tubules may or 
may not have been distinguishable at this stage, but the organ was opaque and usually a 
beige/white color. In 15-17mm ML animals, the ANG had begun to resemble that of the adult, 
with tubules that were generally white or beige with only a few spots of color. By 18mm ML, a 
membrane formed over the ANG and ND (n=3 Figure 3F), which by adulthood, covers the organ 
entirely.  In females with a ML of 18-20mm the ANG appeared very similar to that of mature 
animals, more pigmented and dense tubules composing the entire volume. A couple of eggs were 
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occasionally present in the mantle cavity at this point, and the nidamental glands were fully 
formed with the pink channel that runs down the center of each present. By 20mm females were 
almost always completely mature, with a mantle cavity full of eggs (Figure 1B).  
Microscopically, changes in the structure of the ANG were also observed as females 
matured. At the stage in which the ANG had a bilobed structure (Figure 2, 13mm ML), the ANG 
surface contained numerous ciliated invaginations (Figure 2). Few to no bacterial cells were 
present at the surface of these shallow invaginations (Figure 2C, 2G, 2H), although a few 
bacteria, as well as other debris, were observed at the base, or in the crypt, of some of the 
invaginations extending deeper into the tissue (Figure 2I). The ANG tissue at this stage also 
appeared to be divided into two distinct layers (Figure 2E, 2G). The surface layer contained the 
invaginations, some of which extended into the basal layer which contained the tubules. The 
surface layer also appeared to lack vascularization, while blood vessels were common in the 
basal layer. One image (Figure 2D) captured the region of the ANG immediately adjoining the 
nidamental glands, and appeared to be a cross section of a field of ciliated invaginations. At this 
size (13mm ML), the ANG already had a multitude of tubules, although most of these tubules 
were quite small (Figure 2D, 2E, 2F). The majority of the tubules examined contained coccoid-
shaped bacteria, many of which were in the process of cell division (Figure 2H), although some 
rod-shaped bacteria were also observed (Figure 2G). The surface of this organ was covered in a 
thick brush border of microvilli (Figure 2A, 2F) and cilia (Figure 2F). 
An ANG from a larger immature female (Figure 3 D-E, 16mm ML), while still appearing 
fairly immature macroscopically, resembled the mature ANG much more closely. The tissue in 
this ANG was uniform, composed throughout of larger tubules with dense bacteria (Figure 3E). 
No ciliated invaginations were found on the surface of this ANG, and the surface also lacked 





microvilli and cilia. The surface of a mature ANG (>20mm ML) also lacked any ciliated 
invaginations, and the tissue was also uniform without a surface layer (Figure 3D). 
Vascularization of both this and the 16mm ANG was also observed. 
Previous work has shown that when raised in conditions that lack the environmental cue 
required for ANG development, adult squid lack an ANG. When raised squid on autoclaved sand 
in artificial seawater, squid develop the recruiting tissue layer (Figure 4), but this recruiting layer 
is lost by adulthood.  
ANG bacterial community development 
To examine potential shifts in the bacterial community over the course of ANG 
development, a wide range of ANGs from variously sized immature and mature females were 
examined (10.5-30mm ML). All ANGs contained the same four dominant bacterial classes: 
Alphaproteobacteria, Opitutae (a class of Verrucomicrobia), Gammaproteobacteria, and 
Flavobacteriia (Figure 5A). However, the relative abundances of these classes shifted as the 
ANG matured. A negative exponential relationship between mantle length and Opitutae 
abundance (R2 = 43.1%, Figure 5B) and a corresponding positive exponential relationship 
between mantle length and Alphaproteobacteria (R2 = 26.1%, Figure 5C) were found. Both of 
these curves began to level off around the 18-20 mm ML mark. Flavobacteriia (Figure 5D) and 
Gammaproteobacteria (Figure 5E) abundance both exhibited a positive linear correlation with 
mantle length (R2 = 18.1%, p = 0.004 and R2 = 5.9%, p = 0.11 respectively), although only the 
Flavobacteriia slope was significantly greater than zero. The abundance of additional taxa, while 
always low, decreased exponentially with mantle length, leveling off by a size of approximately 
16.5 mm (R2 = 13.1%, Figure 5). 
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The alpha diversity of the ANG bacterial community was also positively correlated with 
squid size, although the effect varied by metric. The Shannon Index, a measure of community 
richness and evenness, significantly increased with squid size (R2 = 22.7%, p < 0.001, Figure 
6A). However, neither Chao1 (Figure 6B), a measure of richness which utilizes rare OTU 
abundance, nor Phylogenetic Diversity (Figure 6C), a measure of how phylogenetically diverse a 
community is, had a slope significantly greater than zero (R2 = 7.1%, p = 0.08 and R2 = 5.6%, p = 
0.12 respectively), indicating that by these metrics alpha diversity is fairly stable across size 
classes. As richness did not significantly increase with size (Chao1), the significant increase in 
the Shannon Index can be attributed to an increase in community evenness. 
A Bray Curtis beta diversity analysis of ANG communities associated with various 
maturity levels of E. scolopes females did not result in an entirely clear cluster pattern linked to 
size (Figure 6A). While most of the smaller animals’ (< 18mm mantle length) ANGs clustered 
towards one side of the PCoA plot, the cluster was not especially tight and included some larger 
squid samples and was thus not entirely distinct from the more mature communities. Once squid 
approach maturity, size no longer appeared to correlate with community composition, perhaps 
reflecting variability in maturity levels in these size classes. 
Discussion 
Our macroscopic and microscopic observations of various stages of immature E. scolopes 
ANGs has led us to propose the following progression for development (Figure 7). As the 
reproductive system begins to develop in immature females, the nascent ANG bud forms first 
with a series of channels on both sides the surface. This bud expands and begins to form pores at 
the center of the bud, while channels continue to bud off into pores (Figure 1). During this time, 
nidamental glands develop, as the nascent ANG forms a bi-lobed ciliated field covered in 





microvilli and ciliated invaginations which can sample bacteria as seawater is flushed through 
the mantle cavity (Figure 2). The cilia within the invaginations could be a mechanism to push the 
captured bacteria deep into the invaginations, or, similarly to what has been described for the E. 
scolopes light organ symbiosis, could be mixing the seawater allowing for particles of the 
appropriate size to enter invaginations15,100. We hypothesize that as bacteria enter the 
invaginations and colonize the base or crypts, the invaginations close off into tubules, and a new 
epithelial layer forms on top of that layer with new invaginations. Alternatively, the invagination 
crypts could bud off after colonization occurs, and the newly empty invagination could grow 
outwards as new epithelial cells form. Once sufficient colonization has occurred, the layer 
containing ciliated invaginations appears to shed, and the surface of the ANG loses its microvilli 
and cilia, although those are maintained within the tubules (Figure 3). As the bacterial colonizers 
divide and multiply, the tubule lumen expands, compressing the epithelial cells which line the 
tubules (Figure 2 D, I). 
The primary differences between the immature and mature ANG appears to be the 
presence of microvilli and cilia covering the surface of the immature ANG, but lacking from the 
mature ANG, and the presence of two tissue layers in the immature ANG, with the superficial 
layer containing ciliated invaginations, and the vascularized basal layer containing tubules 
(Figure 3). Examination here of a larger immature ANG, as well as of the surface of a mature 
ANG, has revealed that the ciliated epithelial layer present at the beginning of ANG tissue 
development is not maintained in mature squid (Figure 3). The time necessary for an animal to 
grow from 4mm mantle length to 16mm mantle length is approximately one month (data not 
shown), so these invaginations appear to only be present long enough to presumably allow for 
initial colonization. By the time the ciliated epithelium is lost, colonization of the ANG is 
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complete and the tissue has reached its mature structure, although the distinct bacterial 
community and lack of coloration/smaller size of the organ demonstrate that within the ANG the 
community is still growing towards its equilibrium, which will continue to increase the size of 
the tubules as the squid matures. In the future, this hypothesis could be tested in part by 
examining the bacterial load of immature ANGs. 
While prior research found a strong correlation between E. scolopes size and age (Hanlon 
et al. 1997), our experiences raising juvenile E. scolopes has shown that similarly aged squid can 
have widely varying mantle lengths (data not shown). Despite the strong linear correlation 
reported by Hanlon and colleagues101, an examination of their data points shows that such 
variation was also found in their systems, with, for example, 60-day old animals ranging from 8-
16mm ML. However, the data reported here demonstrates that female E. scolopes ML does 
correspond with maturity, and specifically with reproductive system development. 
The developmental progression of the ANG as described here presents similarities to that 
of the development of the ANG from another cephalopod, the myopsid squid D. opalescens, and 
the development of the E. scolopes light organ. Both of these symbiotic organs form as epithelial 
layers adjacent to the ink sac8,20,33  while the E. scolopes ANG forms as an epithelial layer 
adjacent to the nidamental glands, slightly posterior to the ink sac. The nascent light organ is 
composed of a superficial ciliated epithelium that undergoes apoptosis and regression in response 
to the light organ symbiont, V. fischeri20,33. Analogously, the ANG tubules may form as 
invaginations from a ciliated surface epithelium8. The light organ forms ciliated fields that are 
shaped like appendages to facilitate colonization, and develop by extension and growth of the 
surface epithelium33, 100, similar in some ways to the ciliated field that we see in the ANG. In the 
future, examining the biomechanics of the ANG field could provide further insight into the 





colonization process. The light organ ciliated appendage cells each have cilia surrounded by 
microvilli, similar again to the immature ANG surface, although the cilia on the ANG appear to 
be shorter than those on the light organ ciliated appendages (~10 µm vs 20 µm respectively), as 
are the microvilli33. The light organ ciliated appendages are gradually lost, starting within 24 
hours of crypt colonization, and completely disappear within three days of colonization, although 
they are retained in uncolonized animals15,20. Similarly, the results of this work suggest that the 
microvilli and ciliated surface of the ANG disappears as tubules form and take over, although 
both structures persist within the tubules themselves. We hypothesize that the superficial 
epithelial layer containing the ciliated invaginations may be shed as part of morphogenesis, 
although more research is necessary to examine this possibility further. 
Although it remains to be tested, ANG bacteria may induce similar morphological 
changes as described with the light organ symbiosis. Future research should test whether certain 
ANG bacteria induce tubule development and under what circumstances tubules will or will not 
form. In animals that were raised in the absence of the environmental cue required for ANG 
development, the ciliated field of the ANG begins to develop, but eventually regresses leaving no 
sign of this superficial structure in the adult animals examined (Figure 3). In the case of the ANG 
with its much more complex community compared to that of the binary light organ symbiosis, 
the full community may be necessary to form a full and symmetrical ANG.  
To our knowledge, no one has described the community composition of the ANG for any 
cephalopod over the course of development. The changes found in community alpha diversity 
together indicated an increase in evenness, as a community dominated by only one type of 
bacteria shifted to a community with several different members all making up a substantial part 
of the community (Figures 5-6). Community composition as a whole shifted slightly between 
 
 29 
immature and mature squid, but no distinct patterns were found by the time squid reached a 
mantle length of 18mm, indicating that the bacterial community was mature by this stage, despite 
other aspects of the reproductive system being under-developed (e.g. egg stores). The striking 
change from a Verrucomicrobia-dominated community to an Alphaproteobacteria-dominated 
community characterized here through next-generation Illumina sequencing was supported by 
our microscopy, in which most of the tubules found in the immature ANG contained coccoid-
shaped bacteria (Figure 2. Previous work from our lab has hypothesized that the cocci in the 
mature ANG are the Verrucomicrobia, whereas the Alphaproteobacteria are known to be rod-
shaped1. 
The ciliated field of the ANG appeared to persist for only a short time, thus any patterns 
of bacterial succession would have to be established early. Later shifts in community 
composition would therefore have to be explained by mechanisms other than new bacterial 
colonization. If community composition shifts were due entirely to bacterial colonization 
patterns, we would expect to find tubules containing Verrucomicrobia towards the center of the 
ANG, with the Alphaproteobacteria outside of those, but prior research has not found any 
patterns to bacterial tubule persistence1. Additionally, even in the smallest ANG sequenced to 
date, a 10.5mm mantle length squid, all of the bacterial taxa found in the mature ANG were 
present (Figure 6). The Verrucomicrobia may be better colonizers of the early ANG, reflecting 
their early dominance. It should also be noted that all estimates of abundance here are relative, 
and do not reflect absolute abundance – the bacterial load of the early ANG is almost certainly 
substantially lower than the 1010 bacteria/ANG load associated with the mature ANG (Collins et 
al. 2012). The exponential shift in abundance may then reflect the very different growth rates of 
Verrucomicrobia and Alphaproteobacteria. Verrucomicrobia are known to have very slow 





doubling times, taking a month or more to form visible colonies on agar plates (Stevenson et al. 
2004). While the Verrucomicrobia species present in the ANG has not yet been cultured, we 
have no reason to suspect that this species grows at a much faster rate, although microconditions 
of the tubules are unknown, and may foster growth for certain taxa. The ANG 
Alphaproteobacteria however, are known to be dominated by the genus Leisingera, and most 
cultured isolates of Leisingera from the ANG have a doubling time of only four hours under 
most conditions (A. Suria, pers. comm.) Thus, one potential explanation of the relative 
abundance shifts over development could be that while the Verrucomicrobia are the initial 
dominant colonizers, once the Leisingera colonize tubules their much faster doubling time 
causes the Alphaproteobacteria tubules to grow much more rapidly, quickly overtaking the 
Verrucomicrobia tubules in terms of volume.  
Alternatively, the various tubules may also change once colonized by a specific bacterial 
species to provide a microenvironment that fosters the growth of that species. Hemocytes are 
known to enter the ANG tubules1, similar to what has been shown in the light organ80,90. 
Cephalopod blood contains hemocyanin, which is similar to hemoglobin in that it follows the 
Bohr effect: the oxygen binding affinity is inversely correlated with acidity and carbon dioxide 
concentration81. When hemocytes enter into ANG tubules they could affect oxygen 
concentrations. While Leisingera grow well under aerobic conditions, Verrucomicrobia have 
generally been found to grow best under anaerobic, microaerophilic or enhanced carbon 
dioxide102, thus these two main colonizers of the ANG appear to have different oxygen needs. 
Hemocytes are known to contribute chitin to V. fischeri, by trafficking into the crypts, lysing, 
and releasing chitin granules90. The light organ symbiont, V. fischeri, can ferment chitin, and 
thus acidify the light organ crypts at night90. The acidification of the crypts allows for greater 
 
 31 
release of oxygen from hemocyanin which supports luminescence81. The number of hemocytes 
necessary to acidify the light organ crypts has been estimated to be approximately 2000, or about 
5% of the circulating hemocyte population90. While the light organ is only a small fraction of the 
volume of the mature ANG, hemocytes could be influencing the tubule microenvironment, 
enough to create varying environments that aid in the growth of the different bacteria. Distinct 
community members of the ANG tubules likely signal with different microbe-associated 
molecular patterns (MAMPS), and therefore may cause differential hemocyte recruitment, 
attributing to the different microenvironments of tubules. Additionally, other aspects of the host 
physiology, such as the varying brush borders which line different tubules, and the presence of 
secretory vesicles, could work together with the host immune system to form varying 
microenvironments that promote the growth of different bacterial symbionts. Future work should 
further characterize differences in tubule microenvironment.  
Previous research has noted the similarities between the ANG and light organ and 
proposed that the light organ may have potentially evolved as a specialized version of the ANG, 
containing only luminous bacteria, and displacing the ANG to a posterior position, although this 
hypothesis is rather speculative8,29,33. This hypothesis may explain why cephalopods that don’t 
have a light organ have an ANG that is closely associated with the ink sac, as is seen in D. 
opalescens8. Transcriptomic evidence from the ANG and light organ show vast differences in 
gene expression between these two tissues, with the ANG containing a high percentage of 
“orphan genes”, or genes that show no homology to other gene families103. This finding indicates 
that the two organs evolved independently. Females from another sepiolid genus, Semirossia, 
sometimes have a duct which connects their light organ to the ANG, rather than the light organ 
venting directly into the mantle cavity104. Prior research into the development of the ANG tissue 





described for the Pacific market squid, D. opalescens, only characterized the early stages of 
development, leading up to the very beginning of tubule formation8, but those stages appear to fit 
in with our macroscopic observations, and to dovetail with our microscopic observations, 
indicating that ANG development is probably similar in mysopsids and sepiolids. 
The presence of microvilli is frequently associated with tissue which is poised for 
environmental, or horizontal, symbiont colonization. Bathymodiolus sp. mussel gills are 
competent throughout the life of the mussel, but the gill tissues are colonized in a continuous 
process as those tissues develop105.  The youngest gill filaments are coated in microvilli on their 
surface to aid in colonization by their symbionts, then once partial colonization has occurred the 
presence of microvilli is substantially reduced, and fully colonized gill filaments lack microvilli 
entirely105. The microvilli-coated surface of the immature ANG and presence of the ciliated 
invaginations, along with the varying community composition of laboratory-raised animals, 
provides further evidence that the ANG symbiosis is reacquired from the environment each 
generation. The one potential source of vertical transmission could be as the hatchling squid 
passes through the jelly coat of its egg capsule, which contains the ANG bacterial community10. 
Lab-raised squid that were housed in tanks with autoclaved sand did not develop ANGs, 
indicating that vertical transmission does not occur, though bacteria contained in the egg jelly 
coat may seed the environment for later colonization (Chapter 3).  
In this study, we examined the development of the ANG tissue, the development of the 
ANG bacterial community, and how that ANG community varies when squid are raised in a 
laboratory setting. Our findings of the organ development process link the ANG development of 
sepiolid squid to that of the myopsid squid D. opalescens. The use of superficial ciliated epithelia 
in the nascent ANG and light organ may indicate similar host colonization strategies are used for 
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recruiting environmental bacteria. Shifts identified in the ANG bacterial community over 
development provide the basis for interesting insight into the succession of a complex bacterial 
community. Additionally, future raising experiments will expose developing hosts to specific 
ANG symbionts at environmentally relevant concentrations at the time when the ciliated field is 
present to determine which specific members of the community are required to induce ANG 
development. 
The development of complex, non-digestive, bacterial symbioses in a maturing 
multicellular host remains poorly understood. Recent research on bacterial succession in cheese 
rinds has demonstrated that given specific environmental conditions and bacterial “seed species”, 
bacterial succession is replicable106. Another study on the hindgut bacterial community of the 
termite, Reticulitermes flavipes, found that an artificial neural network can be trained to predict 
the outcome of bacterial interactions and show succession of the hindgut community when 
termites are fed various diets107. Here we demonstrate that the E. scolopes ANG bacterial 
community has a predictable succession and can be used as a model for understanding 
interactions of host tissue with a complex bacterial community to select and structure a 
consortium with important functional implications. 
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Figure 1 The Hawaiian bobtail squid accessory nidamental gland and early ANG 
development. The Hawaiian Bobtail squid, Euprymna scolopes (A) A ventral dissection of E 
scolopes, showing internal anatomy including the ANG (B) Earliest stage of ANG development 
is characterized by a small bud of tissue with small furrows (C). ANG pores in the nascent ANG 




















Figure 2: Microscopy of putative bacterial recruitment phase of AND development. 
Confocal image of one of two recruitment pads in developing ANGs (A-B). ANG sections from 
an immature, 13 mm mantle length female.  Ciliated invaginations (black arrows, B,C,D,F) can 
be seen on the surface of the tissue leading from the mantle cavity into the tissue. Small tubules 
have formed in the interior of the tissue and some contain bacterial cells (red arrows, C,D,E). 
Two layers of tissue are present, with the top layer consisting of the invaginations and the deeper 
level consisting of tubules (white arrows show division, D,F). Vascularization was noted only in 
the deeper level (yellow arrows, D, F). Transmission electron micrographs show the surface (G) 
and crypt (H) of ciliated invaginations, and a tubule containing dividing bacteria (white arrows, 













































Figure 3 At the end of the bacterial recruitment window, the ciliated pores are lost.At the 
end of the colonization window, the surface of the ciliated pores become disorganized. (B, C). 
After colonization has occurred, the surface of the ANG transition from a colonization pad to a 
smooth surface with colonized tubules (D, E). In the fully developed ANG, the two recruitment 
pads become full of bacteria and appear to be one continuous organ (F).  






Figure 4 In the absence of specific environmental bacteria, the nascent ANG develops, but 
is lost by adulthood. In aposymbiotic animals, the ANG develops similarly to symbiotic 
animals, with a nascent pad forming with only furrows first (A), followed by the development of 








Figure 5: Relative abundances of the bacterial taxa found in the ANG shifted as squid 
mature. At all maturity stages the ANG consisted of four main bacterial taxa (A). The Opitutae 
(class of Verrucomicrobia) decreased (B) while the Alphaproteobacteria increased (C) with 
squid size, both exponentially, with curves leveling off around the 20mm size that is associated 
with adulthood. The Flavobacteriia (D) and Gammaproteobacteria (E) both increased with squid 
size in a linear manner, while the relative abundance of other taxa, while always low, decreasesd 
exponentially (F), with the curve leveling off even earlier, at approximately 17-18mm mantle 
length. Note varying y-axes. R2 value describes goodness-of-fit to exponential curve (B, C, F) or 
linear curve (D, E), while p-value describes whether linear curve is significantly different from a 











Figure 6: A Bray Curtis beta diversity analysis of ANG communities associated with 
various maturity levels of E. scolopes females finds that the smallest animal (< 18mm 
mantle length) ANGs cluster together but are not entirely distinct from more mature 
communities (A). Once squid approach maturity, size does not appear to correlate with 
community composition. Mantle length is indicated by diamond size. Red circle encloses all 
samples of < 18 mm mantle length, as well as several larger animals. Various measures of alpha 
diversity show an upward linear trend of diversity as squid mature (B-D), regardless of 
population.  However, only the Shannon Index (B) shows a slope significantly higher than 0, 





Figure 7. Model for ANG development. The ANG first forms at approximately 2-3 weeks post-
hatching with the formation of a bud of tissue. This bud expands, along with the formation of 
ciliated pores which deepen and increase in number over time, in what we hypothesize to be the 
colonization window. As nidamental glands form, deeper layers of tissue in the ANG contain 
proliferating bacteria within tubules in addition to the recruiting tissue on the surface of the 
developing organ. After the colonization window has closed, the recruiting layer regresses, 
leaving only fully formed tubules containing symbionts.  
 
  







Reproductive organogenesis in the Hawaiian bobtail squid linked to symbiotic bacteria  
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Developmental processes in animals are influenced by colonization and/or signaling from specific 
microbial symbionts. Here we show that bacteria from the environment are linked to development 
of a symbiotic organ that houses a bacterial consortium in the Hawaiian bobtail squid, Euprymna 
scolopes. In addition to the well-characterized light organ association with the bioluminescent 
bacterium Vibrio fischeri, female hosts house a simple bacterial community in a reproductive 
organ, the accessory nidamental gland (ANG). In order to understand the influences of bacteria on 
ANG development, squid were raised in the laboratory under conditions where exposure to 
environmental microorganisms was experimentally manipulated.  Under conditions with a reduced 
microbiota, ANGs were completely absent or stunted, a result independent of the presence of the 
light organ symbiont V. fischeri. When squid were raised with sand from the host’s natural 
environment, normal ANG development was observed and the bacterial communities were similar 
to wild-caught animals. Analysis of the bacterial communities from ANGs of wild-caught, 
laboratory-raised animals, and environmental substrates under different raising conditions suggest 
that certain bacterial groups, namely the Verrucomicrobia, are linked to ANG development.  Squid 
raised with natural substrate were also colonized by a specific ANG bacterial strain, Leisingera sp. 
JC1, suggesting that once ANG development is initiated, specific strains are capable of colonizing 
the organ. Overall, these data suggest that environmental bacteria are required for development of 
the ANG in E. scolopes, and to our knowledge these findings represent the first example of 
microbiota inducing complete organogenesis in an animal host.  
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Microorganisms have had a profound effect on the evolution of eukaryotes in a number 
of ways. Interactions between hosts and microbes are often beneficial, aiding in host nutrition 
108–110 or defense 111,112. A number of host developmental processes are also influenced by 
microbiota, including the vertebrate digestive 62 and immune systems 76, and the light organ of 
the Hawaiian bobtail squid 24. In a number of organisms, symbionts are required to transition 
between life stages. In the upside-down jellyfish, Cassiopea xamachana, symbiosis onset with 
Symbiodinium microadriaticum is required for metamorphosis 113–115, and in other marine 
invertebrates, a microbial cue is required for the transition from the pelagic larval stage to the 
sessile adult stage 113,116–121. In non-animal systems, microbes can also change the course of host 
development (e.g. transition from vegetative mycelium to the mushroom fruiting body in 
Agaricus bisporus 122, or the formation of root nodules in leguminous plants 123).  
Many animal and plant hosts have evolved specialized organs or tissues that house these 
bacterial symbionts (e.g., digestive tract of mammals 18, light organs of squids and fishes 19,20, the 
trophosome of tubeworms 21, bacteriocytes of insects 22, or root nodules of leguminous plants 23). 
By controlling the microenvironment of these niches, the host can often select for specific 
symbionts from the environment 24 and regulate the rate at which these bacterial symbionts grow 
16,25–27. Hosts can also utilize bacterial products, and/or alter the distribution of the symbionts 
within or outside of the host 21. In turn, bacterial colonization can directly influence the 
development of organ systems in many hosts 18–23.  
The Hawaiian bobtail squid, Euprymna scolopes, is a model organism for the study of 
host-microbe interactions 24 and has been studied primarily for its symbiotic light organ 
association with the bioluminescent bacterium, Vibrio fischeri 24. Female E. scolopes also have a 
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symbiotic organ in their reproductive system, the accessory nidamental gland (ANG), which 
houses a bacterial consortium within epithelium-lined tubules (Fig. 1) 1. Bacteria from this organ 
are incorporated into the egg jelly coat 2, where they are hypothesized to play a defensive role 
against biofouling 1,4. The bacterial consortium of the ANG from E. scolopes is dominated by 
Alphaproteobacteria and Verrucomicrobia, while Flavobacteriia and Gammaproteobacteria are 
also present 1,2,9. Some members of the community have been isolated 6,11 and at least one of 
these (Leisingera sp. JC1) demonstrates antibacterial activity in vitro 6. The ANG symbiosis is 
likely environmentally transmitted, with many of the ANG bacterial OTUs found in the sediment 
from the host’s environment 2. Because of the benthic nature of E. scolopes and its behavior of 
burying in sand during its quiescent diurnal period, these environmental bacteria are likely to 
come into direct contact with the host during all stages of development.  
 In this study we raised bobtail squid and examined the effects of different laboratory 
conditions on ANG development. The ANG community is hypothesized to be horizontally 
transmitted 2,8,9, thus environmental bacteria present during squid development should influence 
the composition of the final ANG bacterial consortium. We demonstrate that changing the 
environmental bacterial community available for colonization influences the bacterial symbionts 
present in the ANG, as well as the formation of the organ itself.  
Results 
Accessory nidamental glands develop in response to environmental substrate 
To examine the development of the ANG under laboratory conditions, female bobtail 
squid were either raised from hatching to adulthood in filter-sterilized artificial seawater and 
autoclaved sand (reduced-bacteria condition, so named because no squid raising condition is 
truly sterile due to the addition of live food, which contains bacteria), or were initially raised to 





10mm mantle length under a reduced-bacteria condition, and subsequently transferred to tanks 
that had previously contained wild-caught squid (mixed sand condition). None of the squid 
raised solely under a reduced-bacteria condition developed an ANG (n=9, Table 1). Sixty-seven 
percent of squid raised in a mixed sand condition (n =12) did not develop ANGs (Fig. 1C, 1E), 
while the remainder (n = 6) developed ANGs that were stunted, asymmetrical, and less 
pigmented than those from wild-caught squid, (Fig. 1F, Table 1). Animals that lacked ANGs had 
fully developed nidamental glands (the secretory organ that produces the jelly coat), and 
contained eggs, indicating that they were sexually mature (Fig. 1C). Some of these animals laid 
eggs before sacrifice, and a portion of those eggs resulted in hatchling squid. A separate cohort 
of animals was independently raised at the University of Wisconsin in artificial seawater on non-
autoclaved sand originating from Hawaii (hereafter referred to as WI-raised, all other 
experiments were conducted at the University of Connecticut and are referred to as CT-raised). 
WI-raised squid consistently developed ANGs, which tended to be symmetrical and more 
pigmented than ANGs from CT-raised animals maintained under reduced-bacteria conditions. 
However, the ANGs from WI-raised squid generally appeared smaller compared to ANGs from 
wild-caught animals (Fig. 1G, Table 1).  
Since animals failed to develop ANGs when raised under reduced-bacteria conditions, 
additional squid were then raised on sand collected from a dry portion of Lanikai Beach on 
Oahu, HI (dry-collected sand). All squid raised with this sand also lacked any ANGs at sexual 
maturity (n=11, Fig. 1H, Table 1). To understand whether specific bacterial members of the 
ANG community may trigger organogenesis, squid were raised on dry-collected sand, but with 
the addition of cultured ANG bacterial isolates. Rhodobacteraceae (members of the 
Alphaproteobacteria) are the most abundant bacterial group in the ANGs of E. scolopes 2. Three 
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Rhodobacteraceae strains were added together [Leisingera spp. JC1 and ANG1, and 
Tateyamaria sp. S1, Supp. Table 1 6,11]. A second cohort of squid was subsequently raised 
on dry-collected sand with the addition of a more taxonomically diverse set of strains from the 
ANG community (Leisingera sp. ANG-DT; Vibrio sp. ANG51; and Muricauda sp. ANG21, 
Supp. Table 1). No ANG development was observed under these conditions (n= 4 and n= 7 per 
condition respectively; Fig. 1D).  
Previous work found ANG bacterial community OTUs (operational taxonomic units) 
were present in sediment samples from Maunalua Bay where wild-caught squid were collected, 
indicating that the ANG community members may be recruited from the sediment 2.  To test 
whether ANGs would develop in the presence of a microbial community reflective of the host’s 
natural environment, squid were raised on sand that had been collected from below the low tide 
line from Maunalua Bay, Oahu, HI (wet-collected sand). All squid raised under these conditions 
developed symmetrical ANGs of varying sizes with fully developed tubules (n=8, Fig. 1H, Table 
1, Supp. Fig. 1). ANG sizes in this group were 32-53% the size of ANGs from wild-caught squid 
(n=7, ANG surface area varied from 8 mm2 – 19.1 mm2, avg. 13.08 mm2 ± 1.65mm2, in contrast 
to the surface areas of ANGs from wild-caught animals (n=5, varying from 28.5 mm2 – 43.1 
mm2, avg. 31.5mm2 ± 3.1 mm2).  
Taxonomic diversity of ANG communities from laboratory-raised animals 
Bacterial community profiles for ANGs were developed using the V4 region of the 16S 
rRNA gene. WI-raised animals, raised on sand collected in Hawaii many years previously 
developed ANGs (n=9) that were almost exclusively dominated by Rhodobacteraceae 
(Alphaproteobacteria) averaging 89.4 ± 23.3% (Fig. 2A). In contrast, the few stunted ANGs 
from animals raised in CT under mixed sand conditions (n = 4) contained a more diverse 





bacterial consortium that was dominated by Alphaproteobacteria (averaging 20.5 ± 35.9% 
Rhodobacteraceae, and 32.0 ± 33.8% Rhizobiales), but also contained a large proportion of 
Flavobacteriia, averaging 23.4 ± 32.3% (Fig. 2A). ANG communities from CT-raised animals 
(wet-collected sand) most strongly resembled the wild-caught ANG community and consisted of 
59.8 ± 16.5% Rhodobacteraceae, 4.5 ± 4.3% Flavobacteriia, and 15.7 ± 7.3% Verrucomicrobia. 
However, the relative abundance of Verrucomicrobia was only 0.2 ± 0.4% when Leisingera sp. 
JC1 was added to the water, a shift balanced by a corresponding increase in Alteromonadaceae 
(Fig 2A). While these averages provide some insight into the community composition of the 
ANGs of raised animals, the standard deviations demonstrate the high variabilities of these taxa. 
For example, all raised ANG communities contained members of the Rhodobacteraceae, but in 
two of the reduced-bacteria CT-raised samples these OTUs accounted for less than 0.1% of the 
community, while, in a third ANG from the same treatment, these OTUs accounted for 74% of 
the community (Fig. 2C). A scatter plot of the various bacterial families showed the high 
variability in the ANGs of raised vs. wild-caught squid (Fig. 2C-F), both within and between 
conditions. Bray Curtis beta-diversity analysis revealed that both the reduced-bacteria and HI 
(wet-collected) sand CT-raised conditions resulted in a higher average (although not significant) 
distance to centroid (a measure of variability within a group), while the WI-raised and HI Sand + 
JC1 conditions resulted in a lower average distance (Fig. 2B). While the lower variability from 
WI-raised animals may be unexpected, they can be explained by the highly homogenous 
community dominated by a single taxon, with one outlier that also contained more taxonomic 
variation. 
ANG bacterial composition of animals raised on wet-collected HI sand had a community that 
most closely resembled that of wild-caught hosts  
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The alpha diversity of both CT- and WI-raised ANGs was lower than that of communities 
from wild-caught animals, but varied by metric. All raising conditions where ANGs developed 
(Table 1) resulted in symbiotic communities with significantly lower phylogenetic diversity than 
those of wild-caught animals when examined by one-way ANOVA and post-hoc Tukey tests 
(F4,58 = 32.34, p < 0.0001, Fig. 3C). The richness and evenness of the community as measured by 
the Shannon Index (H’) was significantly lower in the WI-raised animals than in any other 
raising conditions (F4,58 = 36.75, p<0.0001, Fig. 3B). The reduced-bacteria CT-raised H’ was also 
significantly lower than wild-caught, although the HI sand CT-raised (with and without added 
Leisingera sp. JC1) H’ was not significantly different than the samples from wild-caught animals 
(F4,58 = 36.75, p<0.0001, Fig. 3B). These results provide further evidence that sand from the 
host’s natural environment provided the necessary cue for the development of an ANG 
consortium that most resembles wild-caught hosts. Further support of this hypothesis comes 
from an examination of the Bray Curtis beta diversity analysis (Fig. 3A). WI-raised ANGs 
formed a tight cluster apart from both the CT-raised and wild ANG samples. The one WI-raised 
ANG that is not part of this cluster was the sole WI-raised ANG that contained Verrucomicrobia 
at a substantive level (6.3%). Similarly, the one reduced-bacteria CT-raised ANG that clustered 
closest to ANGs from wild-caught squid is also the sole ANG from that condition to contain 
Verrucomicrobia (8.0%, Fig 3A). All the HI-sand CT-raised ANGs (with and without added 
Leisingera sp. JC1) clustered more closely to ANGs from wild-caught animals than do the other 
raising conditions, again demonstrating the importance of substrate from the host’s natural 
habitat playing a role in the induction of ANG development.  
Addition of a specific symbiotic member can colonize the ANG under conditions that promote 
tubule formation 





In order to determine whether specific bacterial isolates can be incorporated into the 
ANG consortium, Leisingera sp. JC1 was added to tank water of squid raised on wet-collected 
Maunalua Bay sand (see Materials and Methods) . Leisingera sp. JC1 colonies are a distinctive 
blue-black color when grown in culture due to production of the compound indigoidine, and are 
a rare member of the overall ANG community 6. All squid raised under these conditions 
developed ANGs (n=7, Table 1, Fig. 4A), and 5 squid (of 6 ANGs sampled) incorporated this 
strain into the organ (Fig. 4; n=6). An average of 43 ± 13.5% of cultured colonies were blue (n=5 
ANGs), suggesting that they were Leisingera sp. JC1 (Fig. 4B/C). Blue tubules are rarely present 
or found at low abundance in ANGs from wild-caught animals, (averaging 0.5 ± 0.5%, n=5 
ANGs, Fig 4C). Colony PCR of these blue colonies confirmed the presence of the genes 
associated with indigoidine production, igiC, igiD, and igiR (Fig. 4D).  
Overall, these results suggest that specific bacterial members of the substrate community 
induce development of the ANG. Then, after organogenesis is induced, the organ can be 
colonized by specific ANG isolates during establishment of the association, including a strain 
that on its own was not able to induce organogenesis (Table 1, Fig. 4). 
Changes of selected taxa within the sediment bacterial community of lab-raised animals 
As ANGs from animals raised in CT with wet-collected HI sand were the only samples 
from laboratory-reared squid to contain a substantial proportion of Verrucomicrobia (on average 
15.7 ± 7.3%, Fig. 2A), we examined the bacterial composition of the sand used for these raising 
experiments. Wet-collected sand from Maunalua Bay was analyzed one month post collection, 
three months post collection (tanks with squid), and then six months post collection (both from 
tanks with and without squid), and was compared to the community of sand taken directly from 
Maunalua Bay [previously analyzed 2] as well as dry-collected sand from Lanikai Beach. This 
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analysis showed that the microbial community in laboratory conditions was more constrained, 
and that it changed in composition over time, although less so when squid were absent from 
tanks (Fig. 5). While the taxa common between ANGs and the sediment community are present 
at low levels naturally [3.2% Rhodobacteraceae and 0.3% Verrucomicrobia 2], we found that 
these taxa shifted significantly when sediment was maintained in the lab over a period of six 
months (F4,10=65.65, p<0.0001 and F4,10=11.34, p=0.001 respectively). The relative abundance of 
Rhodobacteraceae and Flavobacteriia increased significantly over that time, while the 
Verrucomicrobia dropped to almost undetectable levels within three months (F4,10=11.49, 
p=0.001 (Flavobacteriia), Fig. 5). Ten of 21 OTUs found in at least 87.5% of wet-collected sand 
CT-raised ANGs were also identified in the one-month sand samples, representing 56.4% of the 
average ANG community (Supp. Table 2). The Verrucomicrobia OTUs found in ANGs were 
more variable, but were also present in the one-month sand community. The dry-collected sand 
notably lacked Verrucomicrobia OTUs (Fig. 5a), while previous analysis of our laboratory 
substrate found that Verrucomicrobia was present in tanks with wild-caught squid at low 
abundances [0.004% 10]. 
 
Discussion 
The results of our study suggest that bacteria from the environment of the Hawaiian 
bobtail squid induce development of the ANG. Bacteria can influence animal development in a 
number of ways. In the association between E. scolopes and V. fischeri, the symbiont is involved 
with triggering morphogenesis of the nascent light organ 24. Some organ systems remain 
underdeveloped in the absence of a bacterial signal. For example, in gnotobiotic mice, the 
capillaries of the gut-associated lymphoid tissue remain stunted unless a conventional 





microbiome is present 62. In addition to decreased vasculature development, germ-free mice 
exhibit abnormal immune systems, including structural differences, and fewer immune cells and 
effectors 124,125. In multiple beetles, bacterial endosymbionts are responsible for formation and 
hardening of the beetle’s cuticle 126,127. The molecular signaling between the host-microbe 
partners that leads to proper organ development is frequently uncharacterized, but microbe-
associated molecular patterns (MAMPs) have been implicated in some cases 34,75–78. However, 
with the exception of root nodules in leguminous plants 123, organogenesis still occurs in the 
absence of the conventional environmental microbiota, although organs may fail to develop 
properly.  
The process of mammalian organogenesis has been assumed to be largely independent of 
symbiosis, however in some cases, bacteria are known to influence reproduction and/or 
organogenesis in other animals and plants. In the woodlouse, Armadillidium vulgare, the 
presence of the bacterium Wolbachia prevents the formation of the androgenic gland, leading to 
feminization of the host 128. In the plant Arabidopsis thaliana the presence of the rhizobacterium 
Phyllobacterium brassicacearum results in a delay in flowering, and subsequently in a larger 
reproductive biomass in the adult plant 129. Here we show that female bobtail squid raised in the 
absence of natural environmental microbiota failed to develop the ANG. In animals that were 
raised on sterilized sand that were then transferred to tanks containing adult animals before 
reaching sexual maturity, severely stunted organs developed with divergent microbial 
communities (Fig. 1, 2) but in all of these cases the animals had been transferred to adult tanks 
that harbored environmental and/or ANG bacteria from wild-caught animals. Animals raised on 
autoclaved sand that was collected from below low-tide line in Hawaii did not develop ANGs, 
supporting the hypothesis that living microbes are the essential component for organ 
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development. Furthermore, the development of the ANG was independent of light organ 
colonization by V. fischeri (Supp. Table 3), and the addition of some cultured members of the 
ANG consortium was not sufficient to induce organogenesis (Table 1). These data suggest that 
development of the ANG does not occur in response to the general presence of bacteria, 
regardless of concentration, particularly since the gland is in close proximity to the light organ, 
which expels high cell densities of V. fischeri daily 80. While the substrate from WI-raised 
animals was not sampled for sequencing, the consistent development of ANGs under conditions 
where sand from the host’s natural environment was also present supports our conclusions from 
CT-raised animals. ANGs from WI-raised animals appeared smaller than those from wild-caught 
squid and they had a modified bacterial community while hosts raised entirely on unaltered sand 
from the host’s natural environment developed ANGs that most resembled those from wild-
caught adults (both morphologically and in bacterial composition; Fig. 1, 2). Additionally, we 
were able to introduce a cultured isolate into the ANG when squid were raised with wet-
collected natural environmental sand (Fig. 4). Overall, these data suggest that bacteria from the 
bobtail squid’s environment induce development of the ANG. 
Our data also support a model of environmental transmission for the ANG symbiosis. 
Juvenile E. scolopes do not develop a visibly detectable ANG until they reach approximately 10 
mm mantle length, 1-1.5 months post-hatching 101. Previous studies have found that in the 
market squid, Doryteuthis pealeii, the closest relatives to ANG symbiont strains were 
environmental 95, and that in the inshore squid, Doryteuthis opalescens, the veined squid, Loligo 
forbesii, and the elegant cuttlefish, Sepia elegans, colonization of the ANG is an extended 
process, happening over weeks of development 8,49,130. In these species as well as E. scolopes 
(pers. obs.) nascent tissues appear poised to recruit bacteria from the environment.  However, it 





is unknown whether these recruitment tissues persist, and in this study, no sign of any nascent 
organ or anlage was observed in adult animals that failed to develop ANG tubules. Previous 
work examining bacterial composition of the seawater and sediment in the natural environment 
of the Hawaiian bobtail squid found that a majority of the OTUs present in the symbiosis are also 
present in the environment2. The ANG community of wild-caught squid was unaffected when 
those squid were transferred to and maintained in the lab for up to four months 1,2, indicating that 
ANG tubules were initially colonized and then maintained throughout the life of the host, as is 
the case in the light organ symbiosis 131. Here, we demonstrate that juvenile squid raised in the 
laboratory from hatching do not have the same ANG bacterial composition of wild-caught 
animals unless bacteria from the host’s natural environment are present. We also provide 
evidence that specific bacterial strains can be incorporated into the ANG community once 
organogenesis is induced. Together, these data provide strong evidence for environmental 
transmission of the ANG symbiosis. 
In the light organ of E. scolopes, colonization by V. fischeri causes rapid morphogenesis 
and the regression of recruitment tissues, the ciliated epithelial appendages 20. Although it is 
currently unknown whether bacteria induce similar morphological changes in the ANG, the 
consortial nature of this symbiosis may indicate that more than a single type of bacteria is 
required to induce full, normal development of the organ. This hypothesis may explain the 
presence of a few asymmetrical and stunted ANGs present in the reduced-bacteria lab-raised 
squid, as well as their lower alpha diversity and dominance by Alphaproteobacteria, which are 
more often present under laboratory conditions (Fig. 2,3,5 2).  Characterizing the development of 
the ANG under natural conditions should answer some of these questions, and help demonstrate 
how microbiota induce development of the ANG.  
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The particular bacterial species from E. scolopes’ natural environment that are 
responsible for initiating ANG development are currently unknown, but our collective data 
suggest that Verrucomicrobia may play a role. The bacterial composition of CT-raised ANGs 
from HI (wet-collected) sand conditions was most similar to the community found in ANGs of 
wild-caught squid. Our analysis of the bacterial diversity from the sand demonstrates that the 
bacterial community changes dramatically over time in the laboratory. The relative abundance of 
Verrucomicrobia in HI-collected sand rapidly declined to almost undetectable levels over a 
period of months and was not detected in the dry-collected sand that failed to initiate 
development of ANGs (Fig 5A). The shift in the bacterial composition of the laboratory sand 
reflects the overall shift in the bacterial community of raised animals compared to that of wild-
caught squid. Low levels of Verrucomicrobia have previously been detected in the substrate of 
tanks containing wild-caught squid 10, possibly explaining the formation of stunted ANGs from 
squid transferred to these tanks part-way through development. Verrucomicrobia from the ANGs 
of E. scolopes have not yet been cultured, but efforts are underway using metagenomics and 
transcriptomics to understand the metabolic requirements of this group.  
The Hawaiian bobtail squid has served as a valuable symbiosis model for understanding 
the light organ association with V. fischeri. Raising squid in the presence or absence of V. 
fischeri has allowed for powerful genetic and morphological comparisons that have revealed 
mechanisms of how beneficial bacteria influence animal development 24. The ANG association is 
also an emerging model system for studying defensive consortial symbioses. The ability to 
manipulate the development of the ANG symbiosis has, until now, not been feasible in 
laboratory culture, but the advancements described in this paper have elevated the tractability of 
this system, allowing for finer control of the ANG symbiosis for experimentation going 





forward. Our results demonstrate that ANG developmental outcomes can be predicted under 
laboratory conditions. The ability to experimentally manipulate both a binary (light organ) and a 
consortial (ANG) symbiosis within the same host demonstrates the experimental power of the 
Hawaiian bobtail squid as a model organism for microbiome research. The results presented here 
also reveal the potential to develop gnotobiotic squid for both organ associations. Gnotobiotic 
squid with defined ANG communities would allow for investigation into the specific host-
microbe interactions which lead to organogenesis, while also permitting manipulation of the 
community present in squid eggs to further understand the functional role of this symbiosis. A 
recent whole genome sequencing of E. scolopes revealed that the light organ and ANG likely 
evolved by different mechanisms 103, with the ANG displaying an enrichment of expressed 
orphan genes unique to E. scolopes. The role of orphan genes in the evolution of novel structures 
in animals has been described in a number of other systems [e.g., cnidocytes in cnidarians 132] 
and the ability to manipulate ANG development will allow for a greater understanding of how 
interactions between environmental bacteria and animal hosts lead to organ development. 
Materials and Methods 
Animal collection and general raising 
All animal experiments were conducted in compliance with protocol number A18-029 
approved by the Institutional Animal Care and Use Committee, University of Connecticut.   
Adult Hawaiian bobtail squid were collected from Maunalua Bay, Oahu, Hawaii 
(21°16’51.42”N, 157°43’33.07”W), and were transported to either the University of Connecticut 
or the University of Wisconsin. Bobtail squid were maintained in aerated aquaria with circulating 
water and fed a diet of freshwater or marine glass shrimp. Adult animals were mated 
periodically, and the resulting eggs were collected and transferred to a nursery for the duration of 
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embryogenesis (~3 weeks). Hatchling bobtail squid were moved to modified horse feed trough 
tanks (Fortiflex, Durado, Puerto Rico), and were raised under several different conditions 
(described below). In Wisconsin, squid (n = 50) were raised as previously described38 with sand 
that was originally imported from Oahu but which had been in the lab for several months to 
years.  
In Connecticut, raising proceeded with three distinct methods. In all cases bobtail squid 
were fed live mysid shrimp until they were large enough to hunt for small glass shrimp, at which 
point they were transferred to a live glass shrimp diet. 
Reduced bacteria condition: Hatchling bobtail squid were raised in 0.22µm filter-
sterilized artificial seawater (FSSW, Instant Ocean, Blacksburg, VA) on autoclaved quartz sand. 
Although the initial sand and water were sterile, the necessary addition of live food during 
raising ensured that raising conditions were not sterile, although the typical laboratory seawater 
and sediment bacterial communities were absent.  
HI (dry-collected) condition: Dry Hawaiian sand was collected from Lanikai Beach, 
Oahu, Hawaii (21°23'33.3"N, 157°42'54.6"W). This sand was chosen for its fine grain, which 
allows small squid to bury easily. Lanikai sand was collected from a dry area of the beach above 
the high-tide line. Sand was strained to remove debris and washed thoroughly with DI water after 
being shipped to CT. Bobtail squid were raised on this sand from hatching to adulthood.  
Two additional conditions were performed on sand collected from Lanikai beach. For the 
first, 3 strains of Rhodobacteraceae (Alphaproteobacteria), Leisingera spp. JC1 and ANG1, and 
Tateyamaria sp. S1, were added to tank water daily at 1,000 CFU/mL. Each of these strains were 
originally isolated from the ANG or egg jelly coat communities [Supp. Table 1, 1,6,11]. These 
strains were chosen because they were all members of the Alphaproteobacteria, which was the 





most abundant bacterial class in 16S rRNA sequencing of the ANG 1,2,9. We inoculated squid at 
1000 CFU/mL based on the knowledge that this concentration is sufficient for light organ 
colonization by V. fischeri 20. For the second condition, a more phylogenetically diverse set of 3 
ANG strains was added to the tank water daily: Leisingera sp. ANG-DT, Vibrio sp. ANG51, and 
Muricauda sp. ANG21 at 10,000 CFU/mL (Supp. Table 1). We hypothesized that a more diverse 
bacterial community could lead to successful colonization of the ANG, and each of these strains 
was from a different bacterial class (Alphaproteobacteria, Gammaproteobacteria, and 
Flavobacteriia respectively). The concentration of bacteria was increased to 10,000 CFU/mL to 
increase availability of cells for colonization as compared to the previous treatment.  
 HI (wet-collected) condition: Wet Maunalua Bay sand was collected from below the low 
tide line and shipped to Connecticut. Upon arrival, sand was immediately transferred to aerated 
troughs. Bobtail squid were raised in unfiltered artificial seawater on this wet-collected sand 
from hatching to adulthood. Upon dissection, ANGs were imaged using a Zeiss Discovery v20 
Stereo scope and surface area was determined using the measure area tool in FIJI 133. 
In separate trials, animals were raised on wet-collected sand with the addition of 
Leisingera sp. JC1 6, which was added to artificial seawater daily at 10,000 CFU/ml throughout 
the raising period (from 10 days of age until a mantle length of 20 mm was reached). A higher 
concentration Leisingera sp. JC1 was added in this experiment because we wanted to increase 
the availability of symbionts for colonization compared to previous experiments in which ANGs 
did not form. This natural strain was originally isolated from wild-caught bobtail squid eggs 
from Maunalua Bay 6. Squid were sacrificed after reaching 20mm mantle length and the ANG 
was surface sterilized by washing in 99% ethanol and filter-sterilized squid Ringer’s solution 
[FSSR, 1]. ANGs were then homogenized in FSSR and serial dilutions were plated in triplicate 
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onto seawater tryptone agar plates 30. Plates were incubated overnight at 28°C and examined for 
the characteristic blue-black colonies formed by Leisingera sp. JC1 6. Those colonies were 
counted to determine the CFU/ANG of this environmentally-available strain. To support that 
blue-black colonies were Leisingera sp. JC1, colony PCR was performed on 3 blue-black 
colonies from each ANG to confirm presence of the pigment (indigoidine) biosynthesis genes, 
igiCDR (Supp. Table 3). The RNA polymerase beta subunit gene, rpoB, was used as a positive 
control. PCR was performed with GoTaq polymerase, for 36 cycles at an annealing temperature 
of 55 ˚C. 
DNA extraction, amplification, sequencing, and analysis 
Raised bobtail squid were sacrificed once fully mature (mantle length > 20mm), and 
dissected to remove the ANG. ANG bacterial DNA extraction was completed as previously 
described 2. Briefly, tissues were surface sterilized by washing in 99% ethanol and FSSR. ANGs 
were then homogenized in FSSR, and differentially centrifuged to separate bacterial cells from 
host cells (homogenized ANGs were centrifuged at 100 X g for five min to pellet the host tissue, 
the supernatant containing the bacterial cells was then removed and centrifuged at 5,000 Xg to 
pellet the bacteria). DNA was extracted from the bacterial fraction using bead beating with 
zirconia beads (0.1 and 0.5 mm) for three minutes, and the DNeasy Blood and Tissue kit 
(Qiagen, Valencia, CA). DNA concentration was determined using the Qubit ® dsDNA High 
Sensitivity assay (ThermoScientific, Waltham, MA) and averaged 37.2 ± 21.3 ng/µl (all samples 
> 3.0 ng/µl). 
Sediment samples were collected in triplicate at four timepoints over the course of 
experiments. Wet-collected sediment was collected one month after arrival in the lab from 
Hawaii, after three months in a tank with developing bobtail squid, and after six months in a tank 





with developing squid. Wet-collected sediment was also collected from the storage tank where 
no squid were housed (maintained with no connection to squid tanks) after six months. Lanikai 
dry-collected sediment was collected immediately upon arrival in the lab. DNA extraction was 
completed as previously described 2 using the DNeasy Blood and Tissue kit with bead beating. 
DNA concentrations averaged 32.2 ± 10.8 ng/µl (all samples > 18 ng/µl). 
The V4 region of the 16S rRNA gene was amplified for ANG and sediment extractions 
using barcoded primers developed by Caporaso et al. 96 and sequenced on an Illumina MiSeq 
sequencer (Illumina, San Diego, CA) according to established protocols 2,97. Samples were 
processed either in the Nyholm lab or at the University of Connecticut Microbial Analysis, 
Resources and Services facility (MARS). An average of 126,741 ± 56,288 reads/sample was 
obtained for CT reduced bacteria ANG samples (n = 4, minimum 72,077 reads/sample), 38,158 ± 
12,374 reads/sample for CT wet-collected sand ANG samples (n = 8, minimum 24,210 
reads/sample), 35,203 ± 14,051 reads/sample for CT wet-collected sand + JC1 ANG samples (n 
= 4, minimum 21,605 reads/sample) and 52,996 ± 13,873 reads/sample for WI Raised HI Sand 
ANG samples (n = 9, minimum 33,065 reads/sample). An average of 29,840 ± 7,752 
reads/sample was obtained for sediment samples (n = 12, minimum 20,949 reads/sample). 
Maunalua Bay (MB) and Kaneohe Bay (KB) samples were previously published and reanalyzed 
for this study and contained an average of 74,739 ± 31,370 reads/sample for the MB ANGs 2, 
50,052 ± 12,197 reads/sample for KB ANG samples 9, and 18,753 ± 7,103 reads/sample for MB 
sediment 2.	 
Negative-extraction (no-sample) and PCR (no-template) controls were processed and 
sequenced simultaneously with all samples and yielded less than 1,000 sequences/control in all 
cases. The majority of sequences in these controls were associated with a single Escherichia 
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OTU, and most of the other sequences were associated with non-ANG OTUs. Control samples 
did contain three Rhodobacteraceae OTUs associated with the ANG community, but accounted 
for less than 1% of sequences within the control samples. The presence of Rhodobacteraceae in 
the ANG was previously established through the use of fluorescence in situ hybridization 1 and 
culturing techniques 11. No Verrucomicrobia OTUs were found in any of the control samples.  
QIIME1 was used to analyze sequencing data 134 following established protocols 9,97. 
Briefly, operational taxonomic units (OTUs) were assigned with de novo methods at the 97% 
identity level. All samples were rarified to 15,000 sequences. Alpha diversity and beta diversity 
were analyzed using QIIME1, Prism, and the R vegan package. Statistical analyses of alpha 
diversity variation and beta diversity distance to centroid were completed in Prism as one-way 
ANOVAs followed by post hoc Tukey tests. Sequence data were compared to ANG/JC 
community data previously published under the project ID ENA PRJEB14655, accession 
numbers ERS1496678-ERS1496701, ERS1496705-ERS1496706, and ERS1498392-
ERS1498393 2 and under the project ID ENA PRJEB23264, accession numbers ERS1994108-
ERS1994112, and ERS2012872-ERS2012876 9. New sequence data were deposited in the 
European Nucleotide Archive (ENA) under the project ID PRJEB30950. All previously 
published ANG data were re-analyzed for this study. 
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Fig. 1: Female Hawaiian bobtail squid develop accessory nidamental glands in response to 
environmental substrate. (A) Hawaiian bobtail squid were raised in laboratory culture. (B) 
Ventral dissection shows the accessory nidamental gland (ANG, circle) of a sexually mature 
wild-caught female Hawaiian bobtail squid. (C) Ventral dissection of a sexually mature lab-
raised (reduced-bacteria) squid, showing where an ANG failed to develop (circle). (D-H) 
Representative images depict the ANGs of animals raised in various conditions, including (D) 
wild-caught, (E) dry-collected Hawaiian sand, (F) reduced bacteria with a stunted ANG (circle), 
















Fig. 2. Taxonomic diversity of laboratory-raised E. scolopes ANG communities (class level: A, 
finer levels: C-F) shows that the ANG communities of raised animals were dominated by 
Alphaproteobacteria (A,C), but almost completely lacked Opitutae (class of Verrucomicrobia) 
unless animals were raised on fresh wet-collected Hawaiian (HI) sand (A,F). Flavobacteriia 
were only found in ANGs from CT-raised animals (D). Raised animals showed high levels of 
variability for all taxa (C-F), also evident from a plot of the average distance from the beta 
diversity centroid for each condition (B). Finer level plots (C-F) are shown on a log scale, and 
include samples which contained these taxa at >0.1% abundance (c: class, f: family, o: order). 






Fig. 3. Bray Curtis beta diversity analysis demonstrates that the ANG bacterial composition of 
female E. scolopes raised in the lab was generally distinct from that of wild-caught E. 
scolopes, but that those raised on wet-collected HI sand had a community that most closely 
resembled that of wild ANGs (A). Asterisks indicate raised ANGs with >4% relative abundance 
of Verrucomicrobia, demonstrating that a higher abundance of Verrucomicrobia appears to shift 
the overall community composition towards that of the wild-caught animals (A). The richness 
and evenness of the community was not significantly lower than that of ANGs from wild-caught 
squid, only for animals raised on fresh wet-collected Hawaiian (HI) sand (B), but the 
phylogenetic diversity of all ANGs from raised animals was significantly lower than that of wild-
caught animals (C). Letter groups denote significantly different alpha diversity levels (B: 
F4,58=36.75, p<0.0001, C: F4,58=32.34, p<0.0001), based on one-way ANOVA and post-hoc 













Fig. 4: Addition of a specific member of the ANG community, Leisingera sp. JC1, can be 
incorporated into ANG tubules when raised on wet Hawaiian sand. (A) A representative image 
of the accessory nidamental gland of a squid raised on wet-collected Hawaiian sand with the 
addition of Leisingera sp. JC1 to tank water. (B) Representative plate of the cultivable 
community from the ANG of a squid raised with JC1, with blue colonies representing Leisingera 
sp. JC1. (C) On average, 43% of colonies plated were blue, compared to on average 0.50% of 
colonies plates from wild-ANG homogenate. (D) PCR of blue-black colonies showed presence of 
genes important for indigoidine production in the blue colonies expected to be Leisingera sp. 





Fig.5. Changes of selected taxa within the sediment bacterial community of lab-raised 
animals. Sediment community was profiled (n=3/timepoint) one month after arrival in lab, three 
months post collection (with squid present in tanks), and six months post collection (both with 
and without squid present in tanks). The community of dry-collected Lanikai sand was also 
profiled when it first arrived in the lab. Asterisk denotes significantly different relative 
abundance levels (A: F4,10=11.34, p=0.001, B: F4,10=75.65, p<0.0001), as do letter groups (C: 
F4,10=11.49, p=0.001), based on one-way ANOVA and post-hoc Tukey test for multiple 
comparisons. Opitutae is a class of Verrucomicrobia; Rhodobacteraceae is a class of 















Condition n Added Bacteria ANG Present? 
Reduced bacteria 
(Autoclaved sand) 9 N/A 0/9 
Reduced bacteria 
(Mixed sand) 18 N/A 





11 N/A 0/11 
4 Leisingera spp. JC1, ANG1, Tateyamaria sp. S1 0/4 
7 
Leisingera sp. ANG1, 
Muricauda sp. ANG21, 




8 N/A 8/8 
7 Leisingera sp. JC1 7/7 
Table 1. Conditions for laboratory raised squid 
Squid were raised in reduced bacteria conditions, in which they were reared on autoclaved sand 
and filtered artificial seawater until they were large enough (approximately 8-10mm mantle 
length) to survive in larger tanks which previously housed adult wild-caught squid. A separate 
cohort of squid were raised on autoclaved squid and maintained there for their whole lives. In the 
Hawaiian dry collected sand condition, squid were raised on sand collected from above the high 
tide line on Oahu, and specific isolates were added to some cohorts. In the Hawaiian wet-
collected sand condition, squid were raised on sand collected from below the low-tide in 




Supp. Fig. 1. Accessory nidamental glands (ANGs) of wet-collected sand CT-raised animals 
were 0.22-0.53 the size of those from wild-caught squid. Representative images show small 
(A) medium (B) and large (C) examples of ANGs from raised animals.  



















Supp. Table 2. Comparison of bacterial OTUs found in at least 87.5% of ANGs from 
animals raised on fresh wet-collected Hawaiian sand (n=8) and those present in wet-
collected sediment after one month in the lab. Ten of the 21 OTUs were also found in the 
initial sediment, representing 56.4% of the average raised ANG community.  The most abundant 
Verrucomicrobia OTU was present in 50% of the raised ANGs, and was also present in the 
initial sediment, averaging 0.18% of that community. 
  






Supp. Table 3. Light organ colonization did not affect ANG development. Fifteen raised 
squid developed ANGs and 35 did not. Thirty-one animals were raised without Vibrio 
fischeri (apo) and 19 were raised with V. fischeri (sym).  No correlation was found 





Supp. Table 4. Primer sequences used in this study. 
 
  






















































The Hawaiian bobtail squid (Euprymna scolopes) engages in a specific symbiosis with the 
bioluminescent bacterium, Vibrio fischeri. This association is a model system for understanding 
communication between bacteria and animal hosts. Previous work demonstrated that squid 
immune cells (hemocytes) will bind fewer symbiotic V. fischeri than non-symbiotic Vibrio 
harveyi. Furthermore, when cured of their symbiotic bacteria using antibiotics, hemocytes lose 
the ability to differential bind symbiotic and non-symbiotic bacteria. In this chapter, I 
investigated the mechanisms by which hemocytes bind beneficial bacteria and how symbiosis 
influences the maturation of the immune response during development. I show that hemocytes 
from wild-caught squid bind and release significantly more symbiotic bacteria than non-
symbiotic bacteria. Using V. fischeri deletion mutants, I show that symbiont surface sugars and 
proteins, including lipopolysaccharide and the outer membrane protein OmpU, likely help 
mediate release from host hemocytes. I also show that long term colonization by V. fischeri 
affects the release behavior of hemocytes specifically to the symbiont by raising squid to 
maturity in the presence and absence of the symbiont. 
 
Introduction 
Most, if not all animals engage in beneficial association with bacteria. Symbiotic bacteria 
protect hosts from pathogens via competition 135–137, influence development (reviewed in 
Hooper, 2004), aid in chemical defense 139, and aid in camouflage 29. Many host-microbe 
partnerships have influenced the evolution of both host and symbiont, and over time these 
partners become specifically tuned to the other, especially in cell-cell communication between 
components of the host’s immune system and symbiotic microbe-associated molecular patterns 





(MAMPS)74,140.   The immune system needs to walk a fine line between protecting the host from 
infection while fostering an environment that is safe for beneficial microbiota. Invertebrates 
comprise approximately 90% of animal life on earth, and symbioses with microbes are more the 
rule than the exception, ranging across the invertebrate phyla (e.g. endosymbiotic bacteria in 
deep-sea tube worms 141, many bacterial taxa in sponges 142, symbiodidium in corals143, 
Proteobacteria in nematodes 144, Gram-negative bacteria on the eggs of lobsters, shrimp and 
other arthropods 59, many bacteria in annelids145, Proteobacteria in echinoderms 146, and 
Alphaproteobacteria in platyhelminthes147. The invertebrates, particularly cephalopods, are well 
suited for studying the molecular mechanisms of signaling between hosts and microbes as they 
lack canonical adaptive immunity and the complexities of antibody-mediated immunity. Aspects 
of the innate immune system are common to all animals, as are associations with microbes, so 
mechanisms that mediate interactions with microbes likely evolved before the divergence 
between chordates and the rest of the metazoans. Understanding the mechanisms for host-
microbe communication in beneficial symbioses is essential for understanding how animals and 
their bacterial partners effectively maintain healthy associations in a world full of non-symbiotic 
bacteria.  
The Hawaiian bobtail squid is a model for understanding the mechanisms of host-
microbe interactions in a binary symbiosis 24. The communication between host and symbiont is 
a two-way street, involving both host and symbiont factors that promote the specificity of the 
association 92. On the host side of the interaction, the immune system has been shown to play a 
major role in this communication. Pattern recognition receptors, including peptidoglycan 
recognition proteins (PGRPs), Galectins, and a Toll-like receptor, have been shown to play a role 
in neutralizing MAMPs such as TCT 89 and binding of MAMPS 89,148.  
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The cellular immune system of the bobtail squid consists of macrophage-like cells called 
hemocytes. These cells are produced in the hematopoietic organ the white body, and the systemic 
population is hypothesized to turn over approximately every 5 days 37,48. Hemocytes are 
observed trafficking into the blood sinus of the juvenile light organ appendages after initial 
colonization (Koropatnick et al., 2004), and enter in the light organ crypts where they interact 
with bacteria. Hemocytes are hypothesized to sample the bacteria within the crypts to help 
maintain specificty, potentially eliminating any non-symbiotic bacteria. Additionally, hemocytes 
traffic into the adult light organ crypts at night where they release chitin that is fermented by V. 
fischeri, a process that helps facilitate bioluminescence 90. Squid hemocytes are known to bind 
fewer V. fischeri cells per hemocyte than non-symbiotic bacteria 48, but the binding dynamics in 
these interactions is not well understood. In this chapter I used live-cell imaging to understand 
the binding dynamics between hemocytes and bacteria, including symbiotic bacteria, non-
symbiotic bacteria, and mutants of V. fischeri to understand what aspects of symbiont biology are 
important for mediating hemocyte specificity.  
 
Results  
To better understand the mechanisms by which hemocytes distinguish between bacteria, I 
developed a new method for monitoring hemocyte-immune cell interactions using live cell 
imaging. Experiments were initiated using V. fischeri and V. harveyi because these two species 
had the largest difference in hemocyte binding between a symbiotic and non-symbiotic strain in 
previous work 85. I then tested V. fischeri mutants in this assay, some of which have previously 
been shown to be ineffective colonizers of the light organ. Lastly, I raised squid in the presence 





and absence of V. fischeri and assessed how hemocytes treated symbiotic and non-symbiotic 
bacteria.  
 
Hemocytes release significantly more symbiotic bacteria than non-symbiotic bacteria 
Hemocytes from wild-caught adult squid were incubated with RFP-expressing V. fischeri and 
GFP-expressing V. harveyi separately (hemocytes and V. fischeri in one well, hemocytes and V. 
harveyi in another well), and cells were monitored for 30 minutes. Hemocytes released 
significantly more V. fischeri (54.9% ± released) than V. harveyi cells (11.5% released) after 
making contact (ANOVA p= <.001, Figure 2, Supp. table1). Three separate squid were tested in 
3 separate trials, and at least 10 cells per trial were quantified. Cells were then incubated together 
(hemocytes, V. fischeri, and V. harveyi in the same well), to determine whether the presence of 
the symbiont influenced the release of non-symbiotic bacteria. There was no difference between 
the % of bacteria released of either species when cells were incubated together or separately 
(63% ± 6.9 V fischeri released, 12% ± 3.5 of V. harveyi released, Figure 2). 
I compared the release of live V. fischeri ES114 with fluorescent polystyrene beads, UV-
killed bacteria and heat-killed bacteria. Beads (2.7% ±1) and heat killed V. fischeri ES114 (31% 
± 1) were released significantly less than living V. fischeri ES114 (63% ± 5 ANOVA p= <0.001, 
Supp. Fig 2), but UV-killed V. fischeri ES114 (34% ± 6) was not significantly different from 
either living V. fischeri ES114 or UV killed V. fischeri ES114 (Figure 2).   
Within the wild V. fischeri populations, some strains enter the light organ faster than 
others and are better colonizers of the light organ. Some of these strains are “sharing” strains, 
which is to say that they are able to colonize crypts with other V. fischeri strains, whereas others 
are “dominant” and do not share the crypt spaces with other strains149. All of these strains are 
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found in squid collected from coastal waters off Oahu, HI. While some strains outcompete others 
when initially colonizing squid, I wanted test whether hemocytes treated dominant or sharing 
strains differently, so I tested 4 strains; the sharing strains V. fischeri ES114 (56% ± 2.3), and V. 
fischeri MB13B1 (60% ±8), and the dominant strains V. fischeri KB2B1 (55% ±13) and V. 
fischeri MB13B2 (62% ±4). Hemocytes released all of these strains similarly (ANOVA p=.257)  
To understand the breadth of hemocyte recognition of V. fischeri, strains from other squid 
and fish hosts were tested in the binding and release assay. Two strains from other squid species 
were released similarly to the E. scolopes V. fischeri ES114 strain;  Euprymna morsei strain V. 
fischeri EM17 (46% ± 2.5) and Euprymna Tasmanica strain V. fischeri ETJBIH (42% ± 1.9) 
(Figure 3).  The strain isolated from Monocentris japonica, V. fischeri MJ11 (24% ± 2.7) was 
released significantly less than the E. scolopes V. fischeri ES114 (56 ± 2.3) (ANOVA p=<0.001, 
Figure 3, Supp. Table 4).  
 
Mutations to symbiont cell surfaces influence hemocyte bind and release  
To understand if hemocytes use MAMPS on the surface of bacterial cells to identify their 
symbiotic partner, a collection of mutants with modified surfaces were tested. Previous work on 
the system showed that mutations to the surface of V. fischeri can lead to colonization defects in 
the squid, and many of those were tested150,151. Particular interest was paid to mutants that were 
able to initially colonize the squid but were unable to persist in the light organ. Nine of these V. 
fischeri mutants were tested with hemocytes, including two motility mutants (flagellum-lacking 
V. fischeri NF201 and motility mutant V. fischeri motB), a bioluminescence deficient mutant V. 
fischeri Δlux, an outer membrane protein mutant V. fischeri ΔompU, a type-6-secretion system 
mutant, V. fischeri AS2040, two biofilm mutants (an overexpressing mutant, V. fischeri 





MJM2265, and a biofilm null mutant, V. fischeri MJM2646), and four mutants with alterations in 
lipopolysaccharide, V. fischeri ΔeptA, ΔlitR, ΔtcppH, and ΔWAAL. The majority of these 
mutants were released by hemocytes to the same extent as wild-type V. fischeri (60% ± 4), 
including V. fischeri NF201(46.3%± 4.6), V. fischeri motB (57.2% ± 6), V. fischeri AS2040 
(38% ± 8), V. fischeri MJM2265 (47% ± 8), V. fischeri MKM2646 (47% ± 2), and V. fischeri 
Δlux (51% ± 6.3), (ANOVA p=.922, Figure 4 A-B Supp. Table 5a).  Mutants that are associated 
with alterations in the structure of the lipopolysaccharide in the cell wall were all released 
significantly less than wild-type V. fischeri ES114, including V. fischeri ΔeptA (38% ±4 ), ΔlitR 
(13% ± 7),  ΔtcppH(20% ±4 ), and ΔWAAL(33% ±3 ) (ANOVA p=>.001, Figure 4 C-D) Supp. 
Table 5b).  
OmpU is an outer membrane protein and porin that allows for the diffusion of small 
molecules across the bacterial membrane. In previous studies assessing hemocyte binding at 
fixed-time-points, a mutant lacking OmpU,  V. fischeri ΔompU was bound by hemocytes 
significantly less85 compared to V. fischeri ES114. Consistent with previous work, hemocytes 
released significantly less V. fischeri ΔompU  (25% ±5.9) than WT V. fischeri ES114 (54.9% 
±2.5) when strains were incubated with hemocytes separately. To determine whether wild type 
V. fischeri ES114 could rescue V. fischeri ΔompU, strains were incubated together. When co-
incubated, hemocytes released similar numbers of V. fischeri ES114 (74.3% ±2.5) and V. fischeri 
ΔompU (76% ±2.4) (ANOVA, p= >.001 Figure 4 D-E).  
 
Colonization by V. fischeri influences the immune system response to bacterial challenge. 
Squid were raised to adulthood (approximately 2 months of age, 20mm or more in mantle length) 
in the presence (symbiotic) or absence (aposymbiotic) of V. fischeri. Hemocytes from 
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symbiotically-raised animals released significantly more V. fischeri (76% 5.4) than V. harveyi 
(22% ± 12 ), however apo-raised squid showed no significant difference in release between V. 
fischeri (38% ±8) and V. harveyi (22% ±3) (ANOVA p=>0.001, Figure 5 Supp. Table 6 ). These 
results suggest that colonization results in long-term maturation of the squid immune system that 
affects hemocyte behavior.  
Discussion 
In this study I present a new method for observing and quantifying hemocyte-bacteria 
interactions. Previous work characterized the ability of many strains to colonize the host and 
persist in the light organ85 .  These previous studies informed our choice of candidates for 
potentially important mutations in understanding hemocyte-bacteria interactions. This study 
shows that there are more complex dynamics in hemcoyte-symbiont interactions than was once 
realized. Previous work had characterized hemocyte-bacterial dynamics using end-point assays 
instead of viewing hemocytes over time, and observed binding and phagocytosis separately. I 
show that once contact is made not all cell are phagocytosed as had previously been proposed in 
Nyholm et al., 2009. The release shown in this work indicates that a more complex interaction 
occurs between innate immune cells than simple binding and phagocytosis. The finding that 
hemocytes release more V. fischeri cells than non-symbiotic V. harveyi is builds upon previous 
work on the system that showed that hemocytes bind to fewer V. fischeri cells than non-
symbiotic bacterial cells.   In the light organ, hemocytes interact with bacteria within crypt 
spaces80 and it has been hypothesized that one of the reasons is to help ensure specificity in the 
association.  It is therefore important that hemocytes be able to distinguish between symbiotic 
and non-symbiotic bacteria in the face of signaling molecules from the symbiont. Co-incubation 
experiments in which both V. fischeri and V. harveyi were present with hemocytes showed that 





in fact hemocytes ability to distinguish between species is not influenced by colonization of the 
light organ (Figure 2 A-B).  
Hemocytes are multi-purpose phagocytic cells, responsible for wound healing and 
infection clearing152. I wanted to compare the phagocytic ability of hemocytes with polystyrene 
beads that were of similar size to bacteria but which lacked any MAMPS. Hemocytes released 
only 2.7% of these beads. This experiment served as a negative control for release, and 
highlighted that hemocytes are less likely to release particles that have no identifying 
characteristics on their surface (Figure 2 B-C). I investigated whether the mechanism of immune 
evasion by symbionts was an active process requiring living bacteria or if the mechanism of 
identification was still intact after the bacterium was dead. I tested this by inactivating bacteria in 
two different ways, using heat and UV irradiation.  UV-killed bacteria were not released 
significantly more than living bacteria, but heat-killed bacteria were released significantly more 
(live ES114 63% ± 5 , Beads 2.7% Heat Killed, 31% ± 1, UV Killed 34% ± 6,  Figure 2). This 
result may be due to denaturing of proteins such as ompU on the surface of the bacterium leading 
to the inability of hemocytes to successfully recognize V. fischeri. UV killing cross-links 
molecules and causes cell death by damaging DNA, and therefore the surface structures that 
hemocytes use to identify bacteria may have been less disrupted in those experiments. Charge 
characteristics of the particles may also play a role in these interactions. Non-specific binding of 
cells to surfaces is often mediated by charge, and thus may influence the interactions between 
negatively charged polystyrene beads and hemocytes. Bacterial cell walls typically have a 
negative charge153, and the presence of specific MAMPS may prevent the attachment of 
hemocytes to cells. Modification of those specific MAMPS may prevent the inhibition of 
binding, thus leading to less release of the bacterial cells.  
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Overall my results suggest that the ability to initially colonize the light organ is de-
coupled from the propensity of hemocytes to recognize a bacterium as the symbiont. Four strains 
were tested, two of which were dominant strains V. fischeri KB2B1 and V. fischeri MB13B2, 
and two of which were social V. fischeri ES114 (56% ± 2.3), and V. fischeri MB13B1.  All of 
these strains successfully colonize juvenile squid, but differ in their rate of colonization, 
proliferation in aggregates outside of the light organ pores, and ability to share crypt spaces with 
other strains112,150,151. It may be that the host’s immune system better recognizes V. fischeri 
strains that colonize and persist in the light organ. The V. fischeri strains from other bobtail 
squid, V. fischeri EM17 and V. fischeri ETJBIH trended toward being released less, but were not 
released significantly less than the strain isolated from E. scolopes, V. fischeri ES114 (Figure 3). 
Meanwhile, the fish-isolated V. fischeri MJ11 was released significantly less by hemocytes 
(Figure 3). Strains that colonize pinecone fish may have diverged from E. scolopes symbionts 
longer ago in evolutionary time than strains that colonize other squid light organs154. This may 
explain the difference in hemocyte release of V. fischeri strains among these different hosts. 
Screening a collection of mutants highlighted a wide variety of aspects of V. fischeri 
biology that did not influence hemocyte bind and release, including motility, biofilm production, 
the type-6 secretion system, and light production. Each of these changes is important in other 
aspects of the symbiosis, but have not been shown to be important for hemocyte specificity 
(Figure 4 C-D). Mutants with alterations in LPS structure, however, were released significantly 
less than the wild type V. fischeri. Cell wall components of symbiotic bacteria are important for 
recognition in other systems, and LPS specifically is important for early stages of colonization, 
especially in the O-antigen region, wherein the ΔWAAL mutant specifically has alterations 150.  
EptA is an enzyme that modifies LPS, and litR and TcpPh are both transcriptional regulators, 





downstream of which involve LPS production. All of these mutants, therefore involve the 
production or modification of LPS which this work has shown hemocytes use for recognition of 
symbionts (Figure 4 C-D).  
Previous work in the squid-vibrio system has shown that loss of the outer membrane 
protein, ompU is an important protein for binding of hemocytes to V. fischeri48. Current results 
are in line with previous work, as V. fischeri ΔompU was released significantly less than WT V. 
fischeri ES114.  When V. fischeri ΔompU was co-incubated with WT, the presence of WT cells 
rescued the mutant in terms of hemocyte release. OmpU is a porin, which allows for the 
diffusion of small molecules151. V. harveyi also has ompU155, though this protein is only 
approximately 30% identical at the amino acid level(data not shown), and therefore hemocytes 
are unlikely to recognize this protein as being the same as V. fischeri’s ompU. The mechanism 
for rescue is not yet understood.  
Colonization state’s influence on immune tolerance of V. fischeri indicates that symbionts 
in the light organ influence the immune system systemically. Previous work on the influence of 
colonization on the immune system has shown changes in gene expression and protein 
abundance when animals had their symbionts removed with antibiotics46,47. This is one of two 
studies that examines the immune system after raising squid to adulthood in the presence and 
absence of V. fischeri156. In the wild, squid become colonized with a variety of strains of V. 
fischeri, with the opportunity to theoretically become colonized with up to 6 strains per animal, 
one per crypt157. Wild-caught squid in this study were colonized with unknown strains of V. 
fischeri, though squid raised in the lab were colonized with a known strain, V. fischeri ES114, 
which is the same strain that hemocytes were tested with. Hemocytes from raised squid left 
behind more V. fischeri ES114 than wild-caught squid, though that was not a significant result 
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(Figure 5). It is possible that the immune system may be tuned to small strain differences, being 
best tuned to the strain present in the light organ, which would explain this result. Further work 
could characterize the specificity of the immune system education process, for example by 
raising two cohorts of squid with different symbiotic strains of V. fischeri and comparing the 
bind and release of hemocytes from each cohort against both symbiont strains. Results may have 
been more variable in the wild squid as each squid (even potentially each crypt) contains a 
different strain of V. fischeri.  
 The sampling of microbiota is not unique to the squid-vibrio system. In the mammalian 
gut, Peyers patches in the gut-associated lymphatic tissue allow for specialized dendritic cells, to 
access the lumen of the gut (reviewed in158). Like squid hemocytes, these cells express many 
PRRs, including TLRs, and NOD-like receptors158. They are able to distinguish between 
beneficial bacteria and others and subsequently signal an appropriate message to the immune 
system159 . Bacterial cell wall component activation of TLRs results in an NF-kb mediated 
inflammatory response, whereas peptidoglycan recognition by NOD receptors leads to 
downstream suppression of the immune system159. The recognition of cell wall components of 
beneficial bacteria by host immune cells may be a common feature of immune cell mediated 
tolerance. Candidate  PRRs have been identified via proteomes and transcriptomics, including 
galectins, PGRPs, and others46,47. In other systems many PRRs play a role in bacterial 
recognition and binding including TLRs (one of which is present in squid), MARCO, DC-SIGN 
and others160. Receptors like these may play a role in the squid-vibrio system as well, and yet-
unidentified receptors may be important for recognition. Future work on squid hemocytes should 
identify differences in surface PRRs between squid raised in the presence and absence of V. 
fischeri, as these two groups of hemocytes are known to recognize symbionts differently161.  





 The difference in release of V. fischeri between colonized and uncolonized adult squid 
may be more complicated than the presence of receptors on the cell surface of hemocytes 
between these two raising conditions. Initial binding between immune cells and surfaces and/or 
other cells is often fleeting, and stronger binding is in some cases mediated by the recruitment of 
more receptors or clustering of receptors to strengthen the bond162. It is possible that in the case 
of hemocyte-bacteria interactions, the release I describe in this chapter may be explained by the 
lack of the strengthening of bonds more than an active release mechanism.  
 Future work on the system should focus on understanding how the immune tolerance of 
V. fischeri arises after colonization and how the signal is propagated through the system. In other 
systems such as Drosophila and Anopheles, hemocytes are important for priming the immune 
system for bacterial challenge163,164. Additionally, in neonate mice, waves of T-regulatory cells 
in the skin of neonate mice influence the development of tolerance to beneficial bacteria, 
preventing future inflammation165. Beneficial bacteria are also known to influence immune 
system tolerance in the mouse gut via the release of signaling molecules such as polysaccharide 
A and small chain fatty acids from beneficial microbes166 167. Direct contact between the cellular 
immune system and bacterial cells is not necessary for these signals to transmit, however. Since 
cells from the circulation of the squid show immune tolerance, we know that signaling that 
influence hemocyte maturation are likely transmitted systemically, though it is unknown whether 
the hematopoietic organ (white body) is involved. Recent work (appendix B) investigating the 
bacterial binding by hemocytes during development showed that the immune system undergoes 
developmental changes leading to a moderate increase in the binding of bacteria in the first 96 
hours of life regardless of colonization state. Hemocytes from juvenile animals did not 
phagocytize V. fischeri whereas adult animals did phagocytize V. fischeri regardless of 
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colonization state. I hypothesize that this lack of phagocytosis early in development is a 
specificity mechanism during the initiation of symbiosis. When animals were raised to adulthood 
in both colonized and uncolonized states, uncolonized animals phagocytized fewer V. fischeri 
cells and bound similar numbers of V. fischeri and V. harveyi. Colonized animals raised in the 
laboratory bound fewer V. fischeri cells and V. harveyi cells but phagocytized a similar number 
as uncolonized animals. In accordance with previous work, wild-caught animals bound fewer V. 
fischeri cells than V. harveyi but phagocytized similar numbers of each species. This work taken 
together with results from this chapter, indicate that in immature animals, specificity is mediated 
by phagocytosis but in a mature symbiosis, specificity is mediated by binding and release 
Previous work showed that when squid are treated with antibiotics to remove V. fischeri from the 
light organ, the immune cells no longer differentially bind V. fischeri compared to other strains 
over the course of 5 days85. These results, in addition to the results presented in this chapter, 
suggest that V. fischeri needs to be continually present in the light organ to maintain immune 
tolerance of V. fischeri. How the maintenance of this tolerance is regulated is not yet understood. 
Gene expression analysis of hemocytes from colonized wild-caught and cured wild-caught squid 
showed differences in gene expression supporting the change in the immune system when V. 
fischeri is present in the light organ or absent, but the method of communication between V. 
fischeri and the systemic immune system is not yet understood.  
   
Methods 
Squid Collection Hawaiian bobtail squid were collected from sand flats in Maunalua bay, Oahu, 
Hawaii, and then shipped to The University of Connecticut where they were maintained in 
laboratory culture for 1-5 months in a re-circulating artificial seawater system.  





Squid Raising Adult squid were collected in the wild and mated once a month. Squid that were 
raised symbiotically were inoculated with 4 x 103 V. fischeri ES114, suspended in filter sterilized 
artificial seawater, directly to their tanks. Squid were tested for colonization 18 hours later by 
individually placing them in scintillation vials and measuring their luminescence using a FB12 
single tube luminometer (Titertek Berthold, Huntsville Alabama). Squid that luminesced over 
1000 relative light units (RLU) were considered sym and those that fell below that luminescence 
were checked again the next day. Squid that were below 1000 RLU by 48 hours were euthanized. 
Squid that were raised aposymbiotically were never exposed to V. fischeri. Their luminescence 
was also checked to confirm lack of colonization. After squid died, light organs were plated to 
confirm aposymbiotic state. Squid were raised approximately for 2 months and considered adults 
at 20mm mantle length.  
 
Hemocyte Isolation Squid were anesthetized in 3% ethanol until chromatophores were inactive 
and the squid did not respond to touch, in accordance with EU Directive whatever. Blood was 
extracted from the cephalic vessel under the squid’s siphon using a 1mL insulin syringe with a 
27-gauge needle. Approximately 10-20 µL was extracted per bleed. Squid were then revived by 
gently flowing water over their gills until chromatophores were active again. At least one week 
passed between bleeds.  
Bacterial Bind and Release Assays Hemocytes were stained with Cell Tracker Deep Red 
(Invitrogen™ ,Thermo Fisher Scientific, Waltham Massachusetts) for 45 minutes in filter 
sterilized Squid Ringers Solution (SRS, 530 mM NaCl, 10 mM KCl, 25 mM MgCl , 10 mM 
CaCl , and 10 mM HEPES buffer, pH 7.5). 5 times the volume of the SRS of Anti-aggregation 
squid ringers was added after 45 minutes of staining to disperse cells, and then spun for 10 
 
 89 
minutes at 1000 x g. Cells were resuspended in squid ringers and dispersed between 8-well 
chamber slides (information about those), allotting 2 µL of squid blood per well. Cells were 
allowed to adjust to their new environment for 1 hour. Bacterial strains were grown in seawater 
tryptone with 5 µg/mL where necessary for plasmid expression to mid-log phase and then diluted 
to 1x108 CFUs/mL. 25 bacterial cells were added per hemocyte to the chamber, assuming that 
each µL of blood contains 3000 hemocytes. For each set of strains tested (grouped by figures and 
ANOVAs), at least 3 individual squid were used, and each squid was re-tested for the control V. 
fischeri ES114. For both UV- and heat-killed bacteria, death was confirmed by plating the 
bacteria at the end of the trial.  
Visualization of Hemocytes and Bacteria Interactions between hemocytes and bacteria were 
visualized on the 60x oil immersion objective of the Nikon A1R confocal microscope (Nikon 
Corp, Tokyo Japan) at the Flow Cytometry and Confocal Microscopy Facility at the University 
of Connecticut. Z stacks were taken once every 50 seconds for 30 minutes. Images were 
analyzed using FIJI 133. Z stacks were turned into a maximum intensity projection and bacterial 
cells that came into contact with hemocytes were counted visually, along with the cells that were 
subsequently left behind by hemocytes. Only moving hemocytes were included in the assays. At 
least 10 hemocytes were counted per squid and three different squid were used for each 
experiment. Cells were considered associated when they appeared to come into direct contact 
with cells for more than 1 frame of the video, and released when there was no longer overlap in 
hemocyte fluorescence and bacterial fluorescence.  
Statistical analysis I performed one-way analysis of variance to test whether hemocytes 
differentially released strains of bacteria. Before performing this ANOVA, I performed a logit 
transformation on the percent of bacteria released in order to linearize the data for the analysis of 





variance. I identified which strains differed using the lsmeans package168 with an alpha set to .05 
and the Tukey method 169 of adjusting for multiple tests.  
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Figure 1. Overview of squid anatomy and major aspects of the squid immune system.      
(A) Hawaiian Bobtail squid (Euprymna scolopes) (B) Ventral dissection of female E. 
scolopes, highlighting the location of the two major symbiotic organs, the accessory 
nidamental gland (ANG) and Light Organ (LO). (C) Cartoon depiction of the major 
players in the innate immune system, including the three hearts (H), the hematopoietic 
light organ, the white body (WB), and the two symbiotic organs the ANG and LO. (D-F) 
Three time points of the confocal time lapses depicting hemocytes (hot pink) interacting 
with bacteria. The symbiotic bacteria (V. fischeri, yellow) was released significantly more 
than non-symbiotic strain (V. harveyi, blue). White circles show V. fischeri that interacted 











Figure 2 Hemocytes release significantly more symbiotic bacteria than non-symbiotic 
bacteria, and release more living bacteria than killed bacteria or beads. Release of bacteria 
by hemocytes is shown in A and C. Solid colors represent experiments in which hemocytes were 
incubated with one strain of bacteria, whereas hatched columns in A represent experiments in 
which hemocytes were incubated simultaneously with V. fischeri and V. harveyi. Letters in B 
&D correspond to the post-hoc test based on the comparison of least squared means. Strains of 




Figure 3 Light organ symbionts from other hosts are released significantly less than strains 
isolated from E. scolopes light organs. Letters in B &D correspond to the post-hoc test based 
on the comparison of least squared means. Strains of different letters are significantly different 
from strains with other letters.  
  







Figure 4 Alterations in LPS structure on the surface of V. fischeri and the loss of ompU  
negatively affect hemocyte release. Letters in B, D, and F correspond to the post-hoc test based 
on the comparison of least squared means. Strains of different letters are significantly different 








Figure 5 Raising squid in the presence of V. fischeri results in the development of a specific 
immune response to V. fischeri which does not develop in the absence of V. fischeri in the 
light organ.  Letters in B correspond to the post-hoc test based on the comparison of least 













Figure 6 Model for hemocyte-bacterial interactions. Hemocytes may recognize microbe-
associated molecular patterns (MAMPs) on the surface of bacteria using pattern recognition 
receptors (PRRs). This study has shown the importance of LPS and ompU in hemocyte release of 
V. fischeri. Other factors may be at play, particularly in the development of the immune 











Supp. Table 1 Fixed-Effects ANOVA of V. fischeri and V. harveyi results using 






df Mean Square F p 
Strain 2093.86 3 697.95 18.16 .000 





Supp. Table 2 Fixed-Effects ANOVA results from controls panel using Percent_Released.trans 






df Mean Square F p 
Strain 3363.05 3 1121.02 26.54 .000 
Error 6968.35 165 42.23   
 





Supp. Table 3 Fixed-Effects ANOVA results from E. scolopes-derived V. fischeri strains using 






df Mean Square F p 
Strain 214.39 3 71.46 1.36 .257 






Supp. Table 4 Fixed-Effects ANOVA of V. fischeri strains from hosts other than E. scolopes 






df Mean Square F p 
Strain 911.57 3 303.86 6.30 .000 
















df Mean Square F p 
Strain 55.08 4 13.77 0.36 .840 
Error 10401.27 269 38.67   
 
 
Supp Table 5b Fixed-Effects ANOVA of mutants with altered LPS using 






df Mean Square F p 
Strain 1220.73 4 305.18 6.38 .000 
Error 11186.79 234 47.81   
 
 






df Mean Square F p 
Strain 991.99 3 330.66 8.22 .000 
















df Mean Square F p 
Strain 1739.03 3 579.68 11.72 .000 
Error 7120.80 144 49.45   
 
  





















































Symbioses with bacteria provide a variety of essential roles in animal hosts, including 
nutritional support (e.g. vitamin K in digestion170), protection from pathogens (c. diff, reviewed 
in 171), protection of offspring (cephalopods, beewolves, 9,139), prey attraction (anglerfish172), and 
camouflage (bobtail squid 29). The Hawaiian bobtail squid is a powerful model for the study of 
host-microbe interactions in both a binary and consortial symbiosis. This model is able to help us 
understand both the mechanisms for host-microbe communication and maintenance of 
partnerships with bacteria. Along with myopsid squid and cuttlefish, the bobtail squid’s 
accessory nidamental gland (ANG) symbiosis also offers the potential for novel antimicrobial 
compound isolation for human health. In this thesis I expanded upon the knowledge of how the 
ANG develops, and identified two important molecules for hemocyte-immune cell specificity. I 
described the development of the nascent ANG from the first signs of development through 
adulthood and showed that recruitment tissue forms beginning at approximately 3-4 weeks of 
age, and that an open recruitment period lasts for approximately one month before the 
opportunity to colonize ends. I also showed that live bacteria need to be present for ANGs to 
develop properly. I also identified LPS as an essential factor in hemocyte recognition of V. 
fischeri and that the outer membrane protein ompU is important for recognition.  
Laying the Groundwork for ANG tractability 
My thesis work has made great strides in squid husbandry, which has allowed us to 
perform experiments that deepened our understanding of how the ANG develops and the 
conditions necessary for successful ANG colonization. I have characterized the tissue likely 
responsible for the recruitment of bacteria in the nascent ANG. Based on this characterization, I 
hypothesize that female squid have an open recruiting period between 2-3 and 5-6 weeks of life, 
after which time ANG colonization ceases. My work has been an important step in the potential 





generation of a gnotobiotic squid and more targeted experimental manipulation of the symbiosis. 
Showing that once colonization is initiated, strains of interest (that were originally isolated from 
the symbiosis) can be incorporated into the organ, is an important step toward tractability. 
Further, I showed that in the absence of living environmental bacteria, the ANG does not 
progress in development after the initial recruitment pad stage. The finding that an organ is not 
only underdeveloped but completely absent in adult animals when grown without microbes is 
unprecedented. To our knowledge, there are no other examples of absent organs without specific 
bacteria being present during animal development. 
While my work on the ANG has led to huge advancements in the understanding the 
development of the ANG, many questions about the colonization process remain. My work, in 
collaboration with Allison Kerwin have shown that Verrucomicrobia may be an early colonizer 
of the ANG, allowing for other strains to subsequently colonize. Future work should focus on 
culturing Verrucomicrobia strains from the ANG community, and subsequently raising squid in 
the presence of that strain. Once a specific strain has been established, the role of MAMPs in this 
development should be investigated. Work on the light organ symbiosis has shown the 
importance of MAMPs during development, including tracheal cytotoxin (TCT) and 
lipopolysaccharide from V. fischeri. Similar signaling may take place during development of the 
ANG.  
Recent work on the ciliary flow dynamics of the nascent light organ have yielded some 
very interesting findings, including that the ciliary flow only allows for particles around 1 micron 
to flow over the mucous-covered pore area. Nawroth et. al 2017 showed that particles larger or 
smaller than 1 micron in seawater are directed away from the light organ pores. Cilia are also 
known to be important in early colonization because bacterial cells attach to the ciliated 
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epithelium after being recruited to the area by ciliary beat 173. The nascent ANG pads are also 
covered in cilia, but a major difference between these two symbioses is that the light organ 
recruitment tissue is focused to 3 pores in one tight area, whereas the nascent ANG has pores 
distributed over the surface of the recruitment tissue.  Understanding how the ciliary beat 
contributes to the recruitment of bacteria in this nascent ANG structure will be an interesting 
avenue of future study.  
A large open question remaining in the study of the ANG is mechanisms by which a 
specific consortium is selected from the environment. Will all squid get colonized by the same 
bacteria when given the same inoculum, or does individual variation come into play in the 
selection process? Do different environmental conditions (for example, the presence of 
pathogens, or MAMPs present in the seawater) increase the likelihood of specific strains that are 
effective in combatting those pathogens colonizing the ANG? How do squid accommodate 
different strains and know how are these symbionts maintained during maturation of the 
association? We are still at the very beginnings of understanding the colonization dynamics of 
this consortium.  
 
Immune Cell Interactions: What we know and what we still have to learn 
The squid-vibrio association offers a tractable system to study interactions between 
beneficial bacteria and the innate immune system without the additional complexity of antibody-
based adaptive immunity common to the vertebrates.  Additionally, hemocytes are easy to isolate 
and are amenable to in vitro studies 174, making the squid-vibrio association an excellent model 
for studying the influence of a single symbiont on host innate immunity.  
My doctoral work has expanded upon our understanding of how squid immune cells 





(hemocytes) interact with bacteria. Squid lack a canonical adaptive immune system, and it was 
therefore thought that hemocytes would not have the ability to specifically recognize microbes.  
It was previously thought that hemocytes will phagocytize any bacterium that is bound, but that 
fewer symbiont cells were bound than other bacterial strains 85. My work expanded upon our 
understanding of this behavior, and revealed that hemocytes sample bacteria that they come into 
contact with but release fewer non-symbiotic bacteria as symbiotic bacteria. This work showed 
that hemocyte-bacteria interactions are much more dynamic than previously thought, involving 
an added step of “catch and release” in between binding and either releasing or phagocytosing. 
While the specific mechanism of binding is still unknown (i.e. the pattern recognition receptors 
involved and signaling mechanism required for release), this may be the only known example of 
an immune cell specifically tolerating the presence of a strain of bacteria.  Further, I showed that 
the specific structure of wild-type V. fischeri lipopolysaccharide is an important component for 
the maintenance of hemocyte release of the symbiont. I also showed that the outer membrane 
protein, OmpU is an important factor in mediating specificity in hemocyte recognition of 
bacteria. Importantly, my work has demonstrated that squid immune cells from squid that were 
raised in the absence of V. fischeri do not exhibit the difference in bind and release behavior that 
is seen in wild-caught and squid raised with the V. fischeri. This result indicates that the presence 
of V. fischeri is essential to the development of the immune system, specifically tuning tolerance 
to beneficial bacteria, including V. fischeri.  
A number of pressing questions involving hemocytes in the squid-vibrio system still need 
to be addressed (Chapter 3). Transcriptomics and proteomics have revealed a number of potential 
pattern recognition receptors that may be important in recognizing V. fischeri and other 
bacteria(Collins and Schleicher et al. 2012). The degree to which hemocytes influence the early 
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interactions of the squid-vibrio association is also unclear. While much of the light organ 
colonization process is well described, the role of hemocytes in the initial 30 minutes after 
hatching, termed the permissive period (reviewed in Nyholm and McFall-Ngai, 2004), is not yet 
understood. During this short period, all particles in the seawater under 2 µm are able to enter the 
nascent crypts of the light organ but are cleared by 60 minutes post-hatching. How foreign 
particles are removed so quickly has yet to be determined but hemocytes may potentially play a 
role in this process. Understanding how colonization state influences hemocyte recognition 
during the first 96 hours of the association will also be critical in identifying possible long-term 
developmental changes to hemocyte recognition of bacteria and mechanisms of immune 
tolerance to V. fischeri.  
We do not yet understand the mechanisms by which the presence of V. fischeri in the 
light organ “educates” the squid immune system. Further work on this system should investigate 
the mechanisms by which hemocytes may become educated to the symbiont, whether for 
example, hemocytes must come into contact with V. fischeri in the light organ, or are hemocyte 
pattern recognition receptors or signaling cascades altered remotely, perhaps via MAMP 
signaling through the enclosed circulatory system.  
Future hemocyte-based studies would greatly benefit from the development of new tools 
in the host. The complete genome for E. scolopes is currently allowing for the identification of 
other immune-related genes and with the application of gene editing technologies such as 
CRISPR-Cas. Ongoing work in developing CRISPR in the squid will also prove useful in 
expanding the experimental repertoire in this association, for example the ability to remove 
specific pattern recognition receptors, allowing us to identify specific proteins involved in 
symbiont recognition. Finally, further understanding of the ANG symbiosis along with our 





extensive knowledge of the light organ association may reveal conserved mechanisms by which 
the cellular innate immune system interacts with multiple types of microbes in different host 
niches.  
Hemocyte interactions with ANG bacteria 
Like the light organ, the ANG is highly vascularized and hemocytes have been observed 
within the lumen of the tubules and in direct contact with bacteria 5 . These observations raise 
two interesting lines of inquiry for future research.  First, since only female members have an 
ANG, are there sex-based differences in the innate immune response to different bacterial taxa?  
Sex-based difference in immune response have been observed in sea urchins, flies, birds, mice, 
and humans 175 . In a number of systems, including the scorpion fly, sea urchin, and wall lizard, 
immune cells from female animals show increased phagocytosis of foreign particles 176–178. 
Future studies may reveal differences between male and female hemocyte responses to bacteria 
in E. scolopes. Second, the ANG and light organ symbioses offer the opportunity to ask how the 
innate immune system interacts with both a binary and a consortial symbiosis in the same host. 
Since both organs are highly vascularized, there may be multiple levels of hemocyte-mediated 
specificity given that interactions with hemocytes occur with various types of bacteria across 
different host tissues. A previous study showed that two host galaxins (esgal1 and esgal2) were 
differentially expressed between the light organ and ANG. One of these (EsGal1) also had 
antimicrobial activity against marine Gram-positive bacteria and influenced the growth of V. 
fischeri 179. Efforts are currently underway to characterize the systemic immune response of E. 
scolopes to colonization of each organ and to understand whether hemocyte tolerance to ANG 




The advancements made in this thesis have helped piece together specific communication 
between hemocytes and V. fischeri, and shown the physical structures of colonization in the 
ANG symbiosis. While the past 6 years of science have greatly increased our understanding of 
colonization, the advancements in squid culture have opened up the possibility for many more 
questions to be answered. I look forward to seeing future work in the Nyholm lab that addresses 
the spread of immune tolerance in the squid-vibrio symbiosis, and better understands the 









Appendix A Symbiotic organs shaped by distinct modes of genome evolution in cephalopods 
 
Significant contributions to this appendix were made by other researchers.  
Mahdi Belcaid 
Giorgio Casaburi 
Hannah Schmidbaur and Oleg Simakov performed synteny analysis.  
Andrea Suria assisted in annotating genes and managing data. 
Silvia Moriano-Gutierrez, Sabrina Pankey, Todd Oakley, Natacha Kremer, Eric Koch, and Jamie 
Foster contributed data to be analyzed. 
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Microbes have been critical drivers of evolutionary innovation in
animals. To understand the processes that influence the origin of
specialized symbiotic organs, we report the sequencing and analysis
of the genome of Euprymna scolopes, a model cephalopod with
richly characterized host–microbe interactions. We identified large-
scale genomic reorganization shared between E. scolopes and
Octopus bimaculoides and posit that this reorganization has contrib-
uted to the evolution of cephalopod complexity. To reveal geno-
mic signatures of host–symbiont interactions, we focused on two
specialized organs of E. scolopes: the light organ, which harbors a
monoculture of Vibrio fischeri, and the accessory nidamental gland
(ANG), a reproductive organ containing a bacterial consortium.
Our findings suggest that the two symbiotic organs within E. scolopes
originated by different evolutionary mechanisms. Transcripts
expressed in these microbe-associated tissues displayed their
own unique signatures in both coding sequences and the sur-
rounding regulatory regions. Compared with other tissues, the
light organ showed an abundance of genes associated with immu-
nity and mediating light, whereas the ANGwas enriched in orphan
genes known only from E. scolopes. Together, these analyses pro-
vide evidence for different patterns of genomic evolution of sym-
biotic organs within a single host.
cephalopods | symbiosis | evolution | genomics | transcriptomics
Numerous organisms have specialized organs to house theirmicrobiota, yet the evolutionary processes underlying the
origin of these tissues are not well understood (1–4). The
Hawaiian bobtail squid, Euprymna scolopes, is a tractable animal
model that has proven invaluable for interrogating symbiotic
relationships and revealing common mechanisms by which suc-
cessful colonization of animal epithelia by bacteria is established
and maintained (Fig. 1A) (5). In the light organ (LO) of E.
scolopes, a monospecific association with the bioluminescent
bacterium Vibrio fischeri provides camouflage for the host and
triggers a coordinated developmental remodeling of the sur-
rounding epithelial tissues (6). Additionally, E. scolopes harbors
a complex microbial consortium in the accessory nidamental
gland (ANG), a component of the female reproductive system of
many squids and cuttlefish that is hypothesized to play a role in
egg defense (Fig. 1B) (7, 8). Octopus bimaculoides, the other
cephalopod for which a genome has been reported to date, has
neither a light organ nor an ANG making it an ideal organism
for comparison (Fig. 1C). Therefore, to define elements of ge-
nome structure and function that are critical for symbiosis and
the evolution of cephalopods, we sequenced and characterized
the E. scolopes genome, the first example from the superorder
Decapodiformes.
Results and Discussion
Our sequencing efforts have resulted in the most comprehensive
cephalopod genome assembly to date, revealing the expansive
and highly repetitive nature of the E. scolopes genome. Using a
hybrid approach of shotgun and long-range linkage sequencing
methods, an assembly estimated to be 5.1 Gigabases (Gb) was
generated with a total half of the assembly in scaffolds of 3.7 Mb
or longer (N50). The genome annotation was guided by 31 RNA-
seq (Illumina) and ISO-seq (PacBio) transcriptomic libraries
prepared from diverse tissues and developmental stages (SI Ap-
pendix, Table S1). The annotation resulted in 29,259 expressed
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protein-coding genes that yielded a BUSCO (Benchmarking
Universal Single-Copy Orthologs) (9) score of 97% against the
eukaryotic core set (Materials and Methods). A table summariz-
ing the key statistics and a comparison with the O. bimaculoides
genome is provided in SI Appendix, Table S2.
Genome analysis revealed differing histories of repeat element
expansions between the bobtail squid and octopus, which may
have contributed to the observed divergence in genome size (SI
Appendix, Fig. S1). Although the estimated proportion of re-
petitive elements was >50% in both species, the abundance
within individual repetitive element classes was strikingly dif-
ferent across the two species. Specifically, the abundance of long
and short interspersed nuclear elements (LINEs and SINEs,
respectively) differed; LINEs were the most abundant repeat
class in E. scolopes, whereas SINEs dominated in O. bimaculoides
(SI Appendix, Fig. S1B). Gene families in E. scolopes are similar
to those reported in O. bimaculoides and also include tandem
expansions in protocadherins and zinc finger transcription fac-
tors (SI Appendix, Fig. S2) (10). We infer that the last common
coleoid cephalopod ancestor had 7,650 gene families, similar to
the previously reported estimates for spiralian and bilaterian
ancestors (10, 11). Because we do not find signatures of whole-
genome duplication or evidence of extensive horizontal gene
transfer in E. scolopes, the difference in the genome sizes be-
tween octopus and bobtail squid can be attributed to the in-
creased LINE content in the E. scolopes genome. Future
sequencing of other Decapodiformes genomes should enable a
more exact estimate of this repeat element expansion.
The E. scolopes genome revealed key genomic transitions to-
ward cephalopod genomic architecture. We find that over half of
the local gene linkages (i.e., microsynteny) conserved across
many noncephalopod bilaterian genomes were disrupted in both
O. bimaculoides and E. scolopes, indicating that a large genomic
reorganization took place in the cephalopod ancestor (Fig. 2A).
Additionally, we found numerous linkages shared between oc-
topus and the bobtail squid that have not been previously iden-
tified in other animal genomes (Fig. 2 B and C). Those linkages
contain genes expressed in highly developed organ systems (e.g.,
the central nervous system) as well as in symbiotic organs from
E. scolopes and testes of O. bimacuolides (Fig. 2C). In total, this
taxon-specific microsynteny constituted 67% (126 out of 189) of
all conserved syntenic linkages in both cephalopod genomes (SI
Appendix, Fig. S3 and Table S2).
The improved contiguity of the genome assembly also un-
covered the presence of a partial hox cluster in E. scolopes with
very large (1.5–2 Mb) intergenic distances that is in stark contrast
to the previously reported atomized hox cluster in the octopus
genome (10). These are to our knowledge the longest inter hox-
gene separations (Fig. 2D) known in animals and are consistent
with the long, gene-free regions surrounding hox genes in
O. bimaculoides (10) and the identified expansion of repetitive
elements. Such large intergenic distances may be responsible for
the evolution of unique regulatory mechanisms. This hypothesis
is further supported by unconventional hox gene expression in
E. scolopes (12).
To understand how this genome reorganization drove the
evolution of symbiotic organs in E. scolopes, we studied genomic
signatures of genes with tissue-specific expression in symbiotic
versus nonsymbiotic organs. To identify possible candidate genes
that evolved in symbiotic organs after a duplication event, we
searched the E. scolopes genome for all paralogous pairs of genes
in which one gene had tissue-specific expression and the second
did not. Using these genes, we then calculated the number of
synonymous substitutions (dS) between each gene pair (Fig. 3).
We found that for the LO and ANG, the dS distance between
tissue-specific genes and the respective closest non-LO and non-
ANG paralog was relatively small [dS < 1, ∼130 Mya, using a
calibration point from Albertin et al. (10)]. These distances were
in sharp contrast compared with genes specific to the eye and
brain, which were much older (dS > 2, squid–octopus divergence,
∼270 Mya) (10, 13). These paralog ages are consistent with a
scenario in which the ANG and LO, which harbor dense pop-
ulations of bacteria, underwent relatively recent innovations
within the bobtail squid lineage through gene duplication, com-
pared with the more ancient duplications of genes that are in-
volved in development and function of cephalopod eyes and the
nervous system.
The main mechanism behind gene duplication in O. bimacu-
loides is through tandem or segmental duplication (10). Genes
exclusively expressed in either LO, eyes, or ANG were typically
found in tandem clusters of paralogs located on single scaffolds.
In particular, we found two gene clusters, the first composed of
reflectins and the second of peroxidases that were expressed in
the LO (see below, Fig. 4, and SI Appendix, Figs. S4–S6). In both
cases, the tandem gene duplications forming those clusters were
E. scolopes-specific and occurred after the octopus–squid split,
consistent with the emergence of ANG and LO in the sub-
sequent squid lineage. A large 2-Mb cluster of S-crystallins,
which are predominantly expressed in the eyes (SI Appendix,
Fig. S7), was expanded in tandem in E. scolopes but was missing
from the octopus genome. The omega-crystallins, which are
typically found in the LO and the eyes of E. scolopes, on the
other hand, did not show signs of any expansion (SI Appendix,





















Fig. 1. The Hawaiian bobtail squid, Euprymna scolopes, a model host for
microbiome research and cephalopod innovations. (A) The animal, shown
here in the water column, is a nocturnal predator that uses the luminescence
of the LO symbiont Vibrio fischeri for camouflage. Scale bar, 3 cm. Image
courtesy of Elizabeth Ellenwood (photographer). (B) Overview of key sym-
biotic and nonsymbiotic organs within E. scolopes. Whereas males only have
an LO symbiosis, the females have the additional symbiosis of the ANG, a
reproductive organ housing a consortium of bacteria from predominantly
two phyla (8). In addition to these symbiotic tissues, gene expression was
also analyzed from the gills, brain, eye, and skin. (C) Distribution of LOs and
ANGs that occur only in coleoid cephalopods. Branch lengths are derived
from Tanner et al. (35).




contained both novel genes and transposable elements. Overall,
there were significantly more tandemly duplicated genes expressed
in the LO and eyes compared with the number of the tandemly
clustered genes specifically expressed in other tissues (Fisher’s
exact test P < 0.001), which underscores the importance of gene
duplication for those organ systems.
Our data also reveal that despite the broad phylogenetic dis-
tribution among cephalopods (14), the ANG of E. scolopes is
highly derived and shows an elevated evolutionary accumulation
in both its coding (novel gene formation) and noncoding (turn-
over of the regulatory sequence) complements. The ANG is a
secretory organ within the female reproductive system contain-
ing a bacterial consortium that is deposited into the egg capsule
and is believed to play a role in defense from fouling and/or
pathogens during embryogenesis (7, 8, 15, 16). Taxonomically
restricted (i.e., orphan) genes have contributed to the evolution
of unique tissues and organs in a number of animals (17–19).
Within the two symbiotic organs of E. scolopes (LO and ANG),
we profiled protein-coding transcripts that mapped to genome
scaffolds from tissue-specific transcriptomes against the National
Center for Biotechnology Information’s nonredundant database
[using BLASTP (Basic Local Alignment Search Tool - Protein)
e-value threshold of 1E-5; Fig. 3A] and classified the transcripts
as either E. scolopes-specific, cephalopod, molluscan, bilaterian,
metazoan, or premetazoan (SI Appendix, Fig. S8).
The ANG had the highest proportion of E. scolopes-specific
transcripts (>35%) among all tissues. Additionally, regions 20 kb
up- and down-stream of genes specifically expressed in the ANG
also showed a higher proportion of repetitive element content
compared with genes expressed in any other tissue (Fig. 3B),
suggesting a high evolutionary turnover in regulatory regions.
These higher rates of genomic innovation, specific to the
E. scolopes ANG genes, are also supported by our analysis of
previously reported ANG transcriptomes from both E. scolopes
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Fig. 2. Establishment of coleoid cephalopod genome architecture. (A) High rate of genome reorganization at the base of the coleoid cephalopods, as
measured by the cumulative amount of microsyntenies lost and gained. Branch length estimation using MrBayes (SI Appendix) on a fixed tree topology using
binary presence or absence matrix of shared orthologous microsyntenic blocks. Squares (black/white) connected by lines above the nodes indicate two hy-
pothetical microsyntenic blocks illustrating a common scenario where conserved bilaterian and lophotrochozoan synteny is disrupted (crossed lines) followed
by the emergence of a new order through rearrangement in the cephalopod stem lineage. (B) Prevalence of the unique cephalopod microsynteny (green
shaded area) in O. bimaculoides and E. scolopes genomes. Total length of arches for individual species corresponds to the number of genes in microsyntenies.
(C) Heat map of cephalopod unique microsyntenic clusters showing both neuronal (Upper) and broader gene expression (Lower) in E. scolopes and
O. bimaculoides. Color bar indicates relative normalized gene expression level. Individual orthologous genes between E. scolopes and O. bimaculoides are
connected by solid lines between heat maps with numbers indicating gene order along the scaffold. ANC, axial nerve cord; OL, optic lobe; Psg, posterior
salivary gland; Supra/Sub, supraesophageal and subesophageal brain. (D) A large partial hox cluster on two separate scaffolds was recovered, totaling to a
length of at least 16 Mb. Branchiostoma floridae hox cluster is shown for comparison with colors indicating orthologous genes.













which had fewer unique genes specific to this organ (SI Appendix,
Fig. S8) (20).
Within the LO of E. scolopes, there were several other genetic
signatures contributing to the distinctive features of this symbi-
otic organ. First, the dominant transcripts within the light organ
were reflectins (Fig. 4A), providing strong support for previous
studies indicating that the anatomical features used to modulate
light in the LO are similar to the eye, as are their physiology,
biochemistry, molecular biology, and developmental induction
(21–23). A comparison of adult LO and eye transcriptomes
supports these previous studies (Figs. 3C and 4A). Identified
reflectins (Fig. 4A) were almost exclusively (>99.99% of total
expression) expressed in the LO, eyes, and skin. LO expression
constituted around 19.5% of the total reflectin expression,
whereas eyes and skin composed 72.8% and 7.6%, respectively.
Reflectins usually shared two or more expression domains and
were rarely expressed in a single tissue. The majority of genes
showed a distinctive LO and eyes expression domain, and no
reflectins were expressed exclusively in both LO and skin (Fig. 4
A and C). Evolutionary timing of the LO–eye reflectin clusters
may thus hint at the origin of the LO. Molecular dating analysis
using branch length and squid–octopus split as a calibration
point (10, 13) revealed the age of those clusters at around
30 Mya or younger. Additionally, among the genomic expansion
of 14 peroxidases unique to E. scolopes (Fig. 4 B and C and SI
Appendix, Fig. S6), six genes [including a previously reported
halide peroxidase (24, 25)] formed a single genomic cluster
expressed exclusively in the light organ. Unlike reflectins, this
expansion did not form a monophyletic group, suggesting high
gain or loss of genes within this family, or gene conversion. The
host is known to produce a halide peroxidase that is expressed in
the LO and generates hypohalous acid, a potent antimicrobial
compound thought to contribute to specificity in the squid–vibrio
association (26, 27). This peroxidase, along with several others, is
expressed in the tissues directly in contact with V. fischeri (28,
29). The expansion of the peroxidases and the unique expression
of a subset of these genes exclusively in the LO may reflect the
development of a unique microenvironment that helps to
maintain specificity with V. fischeri (SI Appendix, Fig. S6).
Analysis of protein families also revealed a number of genes
that had multiple immune-associated domains, many of which
were expressed in the LO, ANG, and skin (SI Appendix, Fig. S9).
All three of these tissues interact directly with environmental
and/or symbiotic microorganisms. A number of cellular and
biochemical components of the innate immune system are
known to play critical roles in mediating specificity in the LO
symbiosis with V. fischeri (30–32). Previous observations of host
hemocytes infiltrating the ANG (7), along with expression of
immune-related genes reported here, suggest that the host’s
immune system plays a critical role in this symbiotic organ
as well.
Although bacterial LOs are restricted to just two families of
cephalopods (sepiolids and loliginids), the ANG is a more
broadly distributed organ, present in these and a number of
other squid and cuttlefish species (Fig. 1C). Their distinct evo-
lutionary histories and origins are supported by the different
evolutionary patterns detected. The prevalence of functional
novelty through gene duplication in the LO compared with
taxon-specific genes in the ANG suggests two different patterns
of genomic innovation underlying symbiotic organ evolution in
E. scolopes. Because these two associations are not nutritionally
coupled, the mechanisms for the evolution of these symbiotic
organs may be different from what has been proposed for
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Fig. 3. Characterization (i.e., functional categories)
of key tissues revealing the high contribution of
novel genes toward ANG evolution as well as strong
similarity between LO and eye transcriptomes. (A)
Total counts of unique isoforms across different
functional categories in six adult tissues. (B) (Upper)
Joy plot of the number of nucleotides within 20 ki-
lobases (kb) windows located up and downstream of
the tissue-specific genes from (A) that are attributed
to repetitive elements. Regions around ANG genes
show higher repeat content compared with other
tissues (P < 0.1, Wilcoxon rank sum test). (Lower) Joy
plot of the synonymous substitutions distances (dS)
between the genes specifically expressed in a given
tissue to their closest paralog expressed elsewhere.
Distributions from tissues representing cephalopod
synapomorphies (brain and eyes) show an older
mean (P < 0.1, Wilcoxon rank sum test) compared
with the distributions from ANG, LO, and skin tis-
sues. (C) Venn diagram representing the number of
shared transcripts among LO, ANG, and eye tissues
identifying a significant overlap between LO and eye
transcripts.
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to be the major driver of innovation (33). Rapid gene evolu-
tion and/or gene loss in ancestral lineages may also have
contributed to these unique signatures, especially in the ANG.
Together, the presence of these two distinctive tissues within
E. scolopes renders it a unique model organism to investigate the
genetic mechanisms associated with the evolution of symbiotic
organs (34).
Conclusions
Our analyses of the Hawaiian bobtail squid genome revealed
large-scale genome reorganization, which preceded the coleoid
cephalopod radiation, and provide evidence for two different
patterns of genomic evolution that contributed to functional
novelty. First, the extensive structural reorganization through the
loss of ancient bilaterian microsynteny and increase in genome
size through repetitive element expansions resulted in a unique
genomic architecture that may have contributed to the innova-
tions in the general cephalopod body plan. Second, the coding
and surrounding regulatory regions of microbe-associated tissues
suggest distinctive evolutionary patterns, such as the expansion
of genes associated with immunity and light production in the
LO. In the ANG, the prevalence of taxon-specific, or orphan,
gene expression suggests a highly derived organ that evolved by a




Fig. 4. Independent tandem gene cluster formation
in squid and octopus and the origin of light organ-
specific gene expression. Phylogenetic trees highlight
highly specific expansion patterns that correlate with
general shared expression between the light organ
and the eyes for reflectins (A) or the appearance of
the light organ-specific expression pattern for heme
peroxidases (B). Heat maps indicate relative normal-
ized expression levels for each tissue (Z scores). Scale
bar underneath phylogenetic trees indicates amino
acid substitutions per site. Color of the nodes (A and
B) identifies genomically colocalized genes (shown in
C). Those genes are clustered in tandem on several
scaffolds with positions and gene identifiers labeled.
(C) Tandem clusters of reflectin and peroxidase
genes in the E. scolopes genome. Scaffold ID and
approximate location (kbp) is shown for each gene
(represented by rectangle). Colors correspond to the
sequences on the trees in A for reflectins and (B) for
peroxidases.













pressures. Overall, our results set the stage for further functional
analysis of genomic innovations that led to the evolution of sym-
biotic organs in a morphologically and behaviorally complex clade.
Materials and Methods
Data Access. Genome and transcriptome sequencing reads have been de-
posited in the Sequence Read Archive as Bioproject PRJNA470951.
Genome Sequencing and Assembly. Genomic DNA generated in this study was
derived from a single adult male E. scolopes (SI Appendix). Illumina reads
from several libraries (SI Appendix, Table S1) were assembled with Mer-
aculous resulting in a preliminary assembly; scaffolds were generated using
the in vitro chromatin conformation capture (Chicago) at Dovetail Genomics.
Gene Model Predictions. Gene prediction models were generated using
Augustus training with transcriptomic data. The prediction was filtered to
exclude sequences that overlap with masked repeats over at least 50% of the
lengths. From the remaining models, those with support from transcript
evidence and significant homology to metazoan protein sequences were
included in the nonredundant database. This gene modeling set was com-
bined with transcriptome mapping (SI Appendix, Table S2) resulting in
29,089 protein sequences that passed the filtering stage.
Transcriptome Sequencing. Thirty-one transcriptomes of E. scolopes were
included in the reference transcriptome and sample metadata of the tissues
and time points is provided in SI Appendix, Table S1. Different RNA ex-
tractions and sequencing platforms were used and are listed in SI Appendix,
Table S1. For the tissue-specific transcriptomes, RNA was extracted from
ANG, brain, eyes, gills, hemocytes, LO, and skin tissues, as well as juvenile
head (white body, optic nerve, and brain), eyes, gills, and light organ. For
the PacBio IsoSeq library, RNA was extracted, normalized, and pooled from
adult brain, eyes, white body, optical lobe, gills, LO, and skin as well as
whole juvenile hatchling, 24-h aposymbiotic, and 24-h symbiotic animals (SI
Appendix, Table S1).
Synteny Analysis.Using previously publishedmethods of phylogeny-informed
clustering, we have constructed the sets of orthologous gene families be-
tween the following species (11): Capitella teleta, Helobdella robusta, Lottia
gigantea, Octopus bimaculoides, Euprymna scolopes, Crassostrea gigas,
Nematostella vectensis, and Branchiostoma floridae. To account for differ-
ential gene loss that may impede our quantification of synteny loss/gain we
focused only on 3,547 clusters that have an ortholog from each of the
species. We have implemented microsynteny detection algorithm, as de-
scribed in Simakov et al. (11), and found, in accordance with previous results
(10, 34), ∼600 microsyntenic blocks (in 163 orthologous groups) that can be
traced back to the bilaterian ancestor because they are shared between
either both ingroups (protostome and deuterostome) or an ingroup and an
outgroup species (Nematostella) (Dataset S1).
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The	binary	association	between	 the	squid,	Euprymna scolopes,	 and	 its	 symbiont,	
Vibrio fischeri,	 serves	 as	 a	model	 system	 to	 study	 interactions	 between	 benefi‐
cial	bacteria	and	the	innate	immune	system.	Previous	research	demonstrated	that	
binding	of	the	squid's	immune	cells,	hemocytes,	to	V. fischeri is altered if the sym‐
biont	 is	 removed	 from	 the	 light	 organ,	 suggesting	 that	 host	 colonization	 alters	
hemocyte recognition of V. fischeri. To investigate the influence of symbiosis on 
immune	maturation	during	development,	we	characterized	hemocyte	binding	and	




of V. fischeri and V. harveyi yet phagocytosed only V. harveyi. Our results also indi‐
cate	that	long‐term	colonization	altered	the	adult	hemocyte	response	to	V. fischeri 
but not V. harveyi.	All	hemocytes	from	adult	squid,	regardless	of	apo	or	sym	state,	
both bound and phagocytosed a similar number of V. harveyi while hemocytes 
from	both	wild‐caught	and	sym‐raised	adults	bound	significantly	fewer	V. fischeri,	
although more V. fischeri	were	phagocytosed	by	hemocytes	from	wild‐caught	ani‐
mals.	In	contrast,	hemocytes	from	apo‐raised	squid	bound	similar	numbers	of	both	
V. fischeri and V. harveyi,	although	more	V. harveyi	cells	were	engulfed,	suggesting	
that	blood	cells	from	apo‐raised	adults	behaved	similarly	to	juvenile	hosts.	Taken	
together,	these	data	suggest	that	persistent	colonization	by	the	light	organ	sym‐
biont is required for hemocytes to differentially bind and phagocytose V. fischeri. 
The cellular immune system of E. scolopes likely possesses multiple mechanisms 
at	different	developmental	stages	to	promote	a	specific	and	life‐long	interaction	
with the symbiont.
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1  | INTRODUCTION
Most	if	not	all	metazoans	enter	into	life‐long	beneficial	interactions	
with microorganisms. These symbionts are in constant contact 
with,	and	have	helped	shape	the	evolution	of	the	immune	systems	
of	 their	 hosts	 (Dishaw	&	 Litman,	 2013;	 Gross	 et	 al.,	 2009;	 Loker,	
2012;	McFall‐Ngai,	 2007;	McFall‐Ngai,	 Nyholm,	 &	 Castillo,	 2010).	
Invertebrates	comprise	the	majority	of	metazoan	life	on	the	planet,	
and many members from this group form highly specific associations 





and antibody response that is synonymous with specific responses 
to	microbes.	 Recently,	 the	 innate	 immune	 system	 has	 been	 impli‐
cated	 in	the	establishment	and	maintenance	of	these	associations,	
and invertebrate model systems are proving valuable for exploring 




The light organ symbiosis between the Hawaiian bobtail squid 
Euprymna scolopes	and	the	bioluminescent	Gram‐negative	marine	
bacterium Vibrio fischeri is a model system for investigating the 
mechanisms by which beneficial host–microbe associations are es‐
tablished	and	maintained	(reviewed	in	McFall‐Ngai,	2008;	Nyholm	
&	McFall‐Ngai,	2004;	Figure	1a–f).	Remarkably,	the	host	recruits	
only V. fischeri from a background of 106 nonsymbiotic bacteria 
per	milliliter	of	seawater	(reviewed	in	McFall‐Ngai,	2014;	Nyholm	
&	McFall‐Ngai,	2004).	This	specificity	is	maintained	during	the	life	
of the host despite the light organ being in direct contact with 
the environment via ciliated ducts that facilitate venting of the 
symbionts	 as	 part	 of	 a	 daily	 rhythm	 (Figure	 1c,f).	 This	 venting	
regulates the association and seeds the environment with viable 
V. fischeri for the next generation of squid. There are a number 
F I G U R E  1   Euprymna scolopes produces 
one	type	of	circulating	macrophage‐like	
blood cell (hemocytes) that differentially 
bind	bacteria.	(a,d)	Photographs	of	
a juvenile and an adult E. scolopes 
respectively.	(b,e)	Cartoon	depictions	
of the light organ in reference to the 
morphology of juvenile (b; hatchling) 
and adult E. scolopes	(e).	(c,f)	Diagrams	of	
the	internal	architecture	of	uncolonized	
hatchling	and	colonized	adult	light	organs	
showing crypt spaces that house Vibrio 




green) was bound to the hemocyte cell 
membrane stained with Concanavalin 
A	(Con	A,	red),	and	observed	with	
differential interference contrast (DIC) 
microscopy,	scale,	10	µm.	n,	nucleus;	c,	
cytoplasm (h) Confocal micrographs of 
fixed hemocytes isolated from symbiotic 
wild‐caught	adult	animals	bound	to	GFP‐
expressing V. fischeri or V. harveyi. (i) The 
average number of V. fischeri or V. harveyi 
bound per hemocyte. Bars represent the 
average (±SE) of three biological replicates 
(10 hemocytes per replicate). †Levels	of	
bacterial binding that are significantly 
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of both host and symbiont factors that promote specificity and 
the host's innate immune system has been identified as a major 
contributor	 to	 the	 association	 (McFall‐Ngai	 et	 al.,	 2010).	 These	
factors	 include	 the	 recognition	 of	microbe‐associated	molecular	
patterns	 (MAMPs)	by	pattern	 recognition	 receptors	 (PRRs)	 (Troll	
et	 al.,	 2009,	2010),	 production	of	 reactive	oxygen	 species	 (ROS)	
(Davidson,	Koropatnick,	Kossmehl,	Sycuro,	&	McFall‐Ngai,	2004;	
Weis,	Small,	&	McFall‐Ngai,	1996),	modification	of	symbiont	bio‐
reactive	molecules	 (Heath‐Heckman	et	 al.,	 2014;	Rader,	Kremer,	
Apicella,	 Goldman,	 &	 McFall‐Ngai,	 2012;	 Troll	 et	 al.,	 2010),	 in‐
volvement	of	immune	pathways	such	as	Toll‐mediated	NF‐kB	and	
complement	 pathways	 (Castillo,	 Goodson,	 &	McFall‐Ngai,	 2009;	
Collins,	Schleicher,	et	al.,	2012;	McFall‐Ngai	et	al.,	2010),	and	sym‐
biont	 interactions	with	 the	host's	 blood	 cells	 (Nyholm	&	Mcfall‐
Ngai,	1998;	Nyholm,	Stewart,	Ruby,	&	McFall‐Ngai,	2009).
Euprymna scolopes	 produces	 a	 single	 type	 of	 macrophage‐like	
hemocyte	 that	 can	 migrate	 between	 tissues	 (Heath‐Heckman	 &	
McFall‐Ngai,	 2011;	 Koropatnick,	 Kimbell,	 &	 McFall‐Ngai,	 2007;	
Nyholm	&	Mcfall‐Ngai,	 1998),	 and	bind	 and	phagocytose	 bacteria	
both	 in	vivo	and	 in	vitro	 (Nyholm	&	Mcfall‐Ngai,	1998;	Nyholm	et	
al.,	 2009,	 Figure	 1g–i).	Hemocytes	migrate	 into	 the	 light	 organ	 as	
early	 as	 2	 hr	 post‐hatching	 upon	 detection	 of	 tracheal	 cytotoxin	
(TCT),	a	monomer	of	peptidoglycan	(Koropatnick	et	al.,	2004,	2007).	
Hemocytes are detected in the luminal spaces of both juvenile and 





organ influences the maturation of hemocytes and the ability to rec‐
ognize	V. fischeri.	Using	proteomics	and	transcriptomics,	 two	stud‐
ies identified innate immune proteins/genes that were differentially 
abundant/expressed	in	hemocytes	isolated	from	wild‐caught	sym	an‐
imals as compared to animals that had been cured of V. fischeri using 
antibiotics	(Collins,	Schleicher,	et	al.,	2012;	Schleicher,	VerBerkmoes,	
Shah,	&	Nyholm,	2014).	A	 third	 study	 found	 that	hemocytes	 from	
colonized	adult	hosts	differentially	bound	various	Vibrio	species,	ad‐
hering to five times more V. fischeri cells when isolated from animals 
in which the light organ had been cured of the symbiont (Nyholm 
et	 al.,	 2009).	 Taken	 together,	 these	 studies	 suggest	 that	 coloniza‐
tion of the light organ initiates a maturation program that results in 
the	hemocytes’	ability	to	recognize	and	differentially	respond	to	the	
symbiont. Because these previous studies were all conducted using 
hemocytes	from	adult	animals,	it	remains	unclear	to	what	extent	any	
maturation	process	begins	at	hatching,	when	V. fischeri are recruited 
from the seawater and specificity is first initiated.
In	this	study,	we	sought	to	expand	our	understanding	of	hemo‐
cyte maturation and specificity by examining binding and phago‐
cytosis	 behavior	 of	 hemocytes	 from	 symbiotic	 (sym;	 colonized)	
and	aposymbiotic	(apo;	uncolonized)	juvenile	animals	over	the	first	
96	 hr	 of	 the	 association.	We	 also	 investigated	whether	 long‐term	
light	 organ	 colonization	 affects	 hemocyte	 maturation	 in	 apo	 and	
sym animals raised to sexual maturity. We report that while juvenile 
hemocytes do not alter their response to the symbiont based on 
colonization	state,	they	do	distinguish	between	two	closely	related	





state in which V. fischeri	can	colonize	without	immune	repercussions.
2  | METHODS
2.1 | Animal culture
Adult	 E. scolopes were collected in shallow water off the shores 
of Oahu Hawaii and bred and maintained as previously described 
(Montgomery	 &	McFall‐Ngai,	 1993)	 in	 an	 aquatic	 facility	 contain‐
ing recirculating artificial seawater at the University of Connecticut 
(Schleicher	&	Nyholm,	2011).	Juvenile	animals	were	colonized	with	
V. fischeri	ES114	by	addition	of	3,000	colony	forming	units	per	mil‐
liliter	 (CFUs/ml)	 to	 filter‐sterilized	 artificial	 seawater	 (FSASW)	 for	
up	to	24	hr.	Colonization	by	V. fischeri was determined by monitor‐
ing	 luminescence	 using	 a	 FB12	 single	 tube	 luminometer	 (Titertek	
Berthold,	Huntsville	Alabama).






mals	were	maintained	 in	 these	 tanks	 for	4–6	more	weeks	prior	 to	






rine	 phosphate‐buffered	 saline	 (mPBS—50	mM	 sodium	phosphate	
buffer	with	0.45	M	NaCl,	pH	7.4),	serially	diluted	in	mPBS	and	plated	
on	 LBS	 (Luria–Bertani	 salt	 medium)	 agar.	 Plates	 were	 incubated	
overnight at 28°C	confirming	the	absence	of	countable	CFUs.
2.3 | Isolation of host hemocytes
Isolation of adult hemocytes was performed as previously re‐
ported	(Nyholm	et	al.,	2009).	Adult	animals	were	anesthetized	in	
2%	 ethanol	 in	 FSASW	 and	 hemolymph	was	 drawn	 from	 the	 ce‐
phalic	blood	vessel	located	between	the	eyes	using	a	1‐ml	syringe	
with	 a	 27‐gauge	 needle,	 providing	 approximately	 3,000–5,000	
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Hemocytes	were	 spread	 evenly	 among	wells	 in	 either	 an	 8‐well	
chambered	 borosilicate	 cover	 glass	 (Thermo	 Fisher	 Scientific,	
Waltham,	MA)	for	live	imaging,	or	a	12‐well	plate	to	which	circular	
No. 1 glass coverslips had been added to the wells for fixed imag‐




mogenate	was	 then	added	 to	either	an	8‐	or	12‐well	 chambered	
borosilicate cover glass and were allowed to adhere for 30 min. 
Each well contained the homogenate from 10 juvenile squid. 
Hemocytes were washed three times for 10 min in SR. Juvenile 
hemocyte extractions yielded approximately 100–150 hemocytes 
per animal.




were pelleted and resuspended in SR to a concentration of 1 ×108 
ml−1. Strains used in this study are listed in Table 1. Bacteria were 
added to hemocytes adhered to coverslips at a ratio of 50 bacteria 




and incubated shaking for 30 min. The coverslips were then washed 
in	1×	PBS	four	times	for	5	min	each	and	stored	at	4°C until use.
2.5 | Visualization of hemocytes and bacteria












ning	 confocal	microscope	 (Nikon	Corp.,	 Tokyo,	 Japan)	 at	 the	Flow	
Cytometry	 and	 Confocal	Microscopy	 Facility	 at	 the	 University	 of	
Connecticut.	Images	were	analyzed	using	FIJI	(http://fiji.sc/).
2.6 | Statistical analysis




hemocyte binding of V. fischeri and V. harveyi during fixation pro‐
tocol	development	 (Figure	1i).	To	analyze	 the	 juvenile	hemocyte	
data,	we	conducted	an	ordinary	least	squares	regression	using	the	







in	Table	2.	We	 conducted	 a	 two‐factor	ANOVA	using	GraphPad	
PRISM	 on	 all	 subsequent	 data	 to	 determine	 if	 there	 is	 an	 inter‐
action between the independent variables (squid symbiotic state 
[Figure	4a,b	 apo‐raised,	 sym‐raised,	 and	 sym‐wild]	 and	bacterial	
species [V. harveyi or V. fischeri,	Figure	4a,b])	and	the	dependent	
variables	 (bacterial	 binding	 [Figure	4a]	 or	 bacterial	 phagocytosis	
[Figure	4b]).	Post	hoc	pairwise	comparisons	using	the	Sidak's	cor‐
rection for multiple comparisons were used to compare means 
within	the	independent	variables	for	Figure	4a,b.
3  | RESULTS
3.1 | Binding of Vibrio bacterial cells to juvenile 
hemocytes
To understand whether E. scolopes hemocytes are conditioned to dis‐




lation. The small number of hemocytes extracted per juvenile animal 
(~100) and the large number of animals/blood samples collected over 
multiple days and over multiple animal cohorts that were required 




Vibrio fischeri	Es114  Boettcher and Ruby (1990)
V. fischeri	Es114 pKV111 Nyholm,	Stabb,	Ruby,	and	McFall‐
Ngai (2000)
V. harveyi B392 pKV111 Nyholm et al. (2009)
TA B L E  1   Bacterial strains used in this 
study










et	al.,	2009,	Figure	1i).	We	focused	on	V. fischeri and V. harveyi since 
these species had previously been shown to have the largest differ‐
ence	in	hemocyte	binding	(Nyholm	et	al.,	2009).	Using	fixed	hemo‐
cytes resulted in the same trend as was reported for live hemocyte 
binding	 assays	 (Nyholm	et	 al.,	 2009)	whereby	 significantly	more	V. 
harveyi were bound by hemocytes compared to V. fischeri	(Figure	1i).
To identify any differences in bacterial binding during the first 
96	hr	of	 light	organ	colonization,	we	 isolated	hemocytes	from	ani‐
mals	at	0	hr	(hatching),	and	apo	and	sym	animals	at	24,	48,	72,	and	
96	hr	post‐hatching,	 and	quantified	 the	number	of	bound	V. fisch-
eri and V. harveyi	 cells	 (Figure	 2a,b).	 Regression	 analysis	 showed	
the number of bacteria bound to hemocytes did not differ depend‐
ing	 on	 which	 type	 of	 bacteria	 the	 hemocytes	 interacted	 with,	 or	




eral hemocyte response to bacteria over early development.
3.2 | Juvenile hemocytes differentially 
phagocytose bacteria
To determine if juvenile hemocytes phagocytose V. fischeri and V. 
harveyi,	we	first	conducted	live	imaging	of	blood	cells	isolated	from	
24‐hr	 sym	 juvenile	 animals	 that	were	 incubated	with	 either	V. fis-
cheri or V. harveyi plus a dye conjugate that is phagocytosed with the 
bacteria and fluoresces in acidic cellular compartments to confirm 
internalization	of	bacteria	into	hemocyte	phagosomes.	We	observed	
colocalization	of	GFP	(bacteria)	and	dye	conjugate	(putative	phago‐




presence of V. harveyi in juvenile hemocytes regardless of symbiotic 
state	or	the	time	point	at	which	they	were	isolated.	Overall,	an	av‐
erage of 30% of the hemocytes observed contained phagocytosed 
V. harveyi. Vibrio fischeri remained external and was not phagocy‐
tosed,	indicating	that	upon	hatching,	the	hemocytes	can	distinguish	
between these two different Vibrio	 species,	 and/or	V. fischeri has 
mechanisms to evade phagocytosis at this developmental stage.
3.3 | Hemocytes from adults raised without V. 
fischeri differ in their response to bacterial challenge 
compared to hemocytes from sym‐raised and wild‐
caught sym adults
To understand whether the difference between juvenile and adult 
hemocyte response to bacterial challenge arises from persistent 
F I G U R E  2   Binding of Vibrio fischeri and Vibrio harveyi to juvenile 
hemocytes.	(a,	b)	Representative	3D	confocal	images	of	bacteria	
bound	to	juvenile	hemocytes	were	constructed	from	confocal	Z‐
series	showing	GFP‐expressing	V. fischeri or V. harveyi (green) and 
hemocyte	counterstaining	with	Con	A	(red),	scale,	10	µm.	(a)	Top	
view	of	3‐D	images.	(b)	Side	view	of	3D	images,	with	the	adherent	
side of the hemocytes at the bottom of the images. (c) The average 
number of bacteria bound per hemocyte. Bars represent the 
average (±SE) of three biological repeats of 10 hemocytes chosen 
randomly from 10 different microscopic fields from a preparation 








































































Vibrio fischeri Vibrio harveyi
Vibrio fischeri
Vibrio harveyi
TA B L E  2   Regression analysis results
Category






Bacteria: Vibrio harveyi versus V. 
fischeri
−0.154	(0.169)





Residual SE 1.903 (df = 501)
F Statistic 43.014	(df	=	6;	501)a
Abbreviations:	apo,	aposymbiotic;	sym,	symbiotic.
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light	 organ	 colonization	 during	 postembryonic	 development,	 we	
raised	 juvenile	animals	either	apo	 (apo‐raised)	or	 sym	 (sym‐raised)	
to sexual maturity. We compared the ability of hemocytes isolated 
from these animals to bind and phagocytose V. fischeri and V. har-
veyi	to	wild‐caught	adults,	all	of	which	were	sym.	Hemocytes	were	
heterogeneous in their interactions with V. fischeri and V. harveyi 
with some hemocytes neither binding nor phagocytosing bacteria 
at	a	given	fixed	time	point	(Appendix	Figure	A1).	This	heterogeneity	
may be because the fixation protocol allowed us to look at binding 
and phagocytosis behavior at only a single time point after addition 
of bacteria. In order to discern discriminating hemocyte behavior 
from	general	hemocyte	behavior,	we	quantified	binding	and	phago‐




wild‐caught	animals	bound	significantly	 fewer	V. fischeri	 than	apo‐
raised,	with	hemocytes	from	wild‐caught	animals	binding	the	fewest	
V. fischeri	cells	(Figure	4a).	We	observed	no	significant	difference	in	
the number of V. harveyi	 bound	 to	 hemocytes	 isolated	 from	 apo‐
raised,	 sym‐raised,	 or	 wild‐caught	 animals	 (Figure	 4a).	 In	 contrast	
to	sym‐raised	and	apo‐raised,	hemocytes	from	wild‐caught	animals	
phagocytosed V. fischeri and V. harveyi	similarly	(Figure	4b),	although	
we	observed	a	trend	of	more	internalized	V. harveyi than V. fischeri. 
Hemocytes	 isolated	from	apo‐raised	animals	phagocytosed	signifi‐
cantly fewer V. fischeri	than	those	from	wild‐caught	animals,	but	not	
sym‐raised	 animals	 (Figure	4b).	Although	 the	 number	 of	 phagocy‐
tosed V. fischeri	per	hemocyte	was	similar	between	apo‐raised	and	
sym‐raised	animals,	 the	number	of	hemocytes	with	 internalized	V. 
fischeri	 in	sym‐raised	animals	was	 intermediate	 (20%)	compared	to	
apo‐raised	 (7.7%)	 and	wild‐caught	 (51%).	 Similar	 to	 bacterial	 bind‐
ing,	we	found	no	significant	difference	 in	the	number	of	V. harveyi 
phagocytosed	 by	 hemocytes	 isolated	 from	 apo‐raised,	 sym‐raised	
or	 wild‐caught	 animals	 (Figure	 4b).	 Taken	 together,	 these	 binding	
and	 internalization	data	 suggest	 that	 apo‐raised	animals	 remain	 in	
a	juvenile‐like	state	as	they	bind	the	same	number	of	V. fischeri and 
V. harveyi and phagocytose fewer V. fischeri compared to V. harveyi. 
Furthermore,	hemocytes	from	sym‐raised	animals	may	represent	an	
intermediate	maturation	state;	trending	toward	wild‐caught	hosts	in	
binding and phagocytosis behavior.
4  | DISCUSSION
In	this	study,	we	report	(a)	a	new	method	for	quantifying	hemocyte	
bacterial binding and phagocytosis in the squid–vibrio system in 
both	 juveniles	and	adults	 (Figure	1),	 (b)	when	challenged	with	 two	
different Vibrio	 species,	 hemocytes	 isolated	 from	 juvenile	 animals	
bound to symbiotic and nonsymbiotic bacteria similarly during the 
first	96	hr	post‐hatching	(Figure	2),	(c)	at	72	hr	post‐hatching,	there	
was an increase in the number of bacteria bound by hemocytes re‐
gardless of the symbiotic state of the animal or Vibrio species tested 
(Figure	2),	(d)	hemocytes	isolated	from	juvenile	animals	did	not	phago‐
cytose V. fischeri while they did phagocytose V. harveyi	(Figure	3),	(e)	
hemocytes	 isolated	 from	adult	 apo‐raised	 animals	 bound	 a	 similar	
number of V. fischeri and V. harveyi	 in	contrast	 to	sym	wild‐caught	
animals which bound less V. fischeri than V. harveyi	 (Figures	1	and	
4),	(f)	hemocytes	isolated	from	apo‐raised	adults	phagocytosed	sig‐
nificantly fewer V. fischeri than V. harveyi	in	contrast	to	wild‐caught	
sym adults which phagocytosed a similar number of V. fischeri and V. 
harveyi	(Figure	4),	and	(g)	hemocytes	from	sym‐raised	adult	animals	




The	 increase	 in	 hemocyte	binding	 to	 bacteria	 at	 72	hr	 post‐hatch‐
ing	(Figure	2c)	suggests	that	the	host's	hemocytes	undergo	systemic	
F I G U R E  3  Phagocytosis	of	Vibrio fischeri and V. harveyi by 
juvenile hemocytes. (a) DIC confocal images of live juvenile 
hemocytes	bound	to	and/or	internalizing	GFP‐expressing	bacteria	
(green),	and	colocalized	with	acidic	compartments	(red,	pHrodo	
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maturation	that	is	independent	of	light	organ	colonization.	This	gen‐
eral increase in immune response may result from the differentiation 
of	hemocytes	during	hematopoiesis,	perhaps	in	response	to	environ‐
mental or microbial cue(s). Hemocyte development and maturation 
in	cephalopods	takes	place	in	a	specialized	hematopoietic	organ,	the	
white	body,	and	mature	hemocytes	are	released	into	the	hemolymph	
(Cowden,	 1972	 and	Claes,	 1996).	 In	 Sepia officinalis,	 a	 comprehen‐
sive analysis of hemocyte proliferation and maturation showed that 
the physiology of the white body undergoes a functional shift from 
proliferation	 to	differentiation	as	 the	animal	matures	 (Claes,	1996).	
Tissues of late embryos and juveniles were mitotically more active 
and contained a significantly higher percentage of the early blood cell 
stages. In E. scolopes,	the	72‐hr	time	point	may	also	signify	a	turnover	
of	mature	 circulating	hemocytes,	 and	 is	 consistent	with	 a	previous	
study showing that V. fischeri binding by hemocytes isolated from 
adult	animals	increased	after	3	days	of	curing	(Nyholm	et	al.,	2009).	
A	gene	expression	study	of	the	white	body	from	Euprymna tasmanica 
also revealed a number of potential genes involved with hematopoie‐
sis	(Salazar,	Joffe,	Dinguirard,	Houde,	&	Castillo,	2015).	Future	studies	
will focus on whether hematopoiesis in the E. scolopes white body is 
influenced by bacteria or other environmental cues.
A	general	maturation	of	innate	immune	response	toward	V. fischeri 
and V. harveyi in E. scolopes may not be surprising given that immune 
systems undergoes developmental changes in other organisms. In hu‐
mans,	 this	 includes	a	general	decrease	 in	 the	number	of	 circulating	
innate immune cells and a general impairment of functions of these 
cells	 such	 as	 chemotaxis,	 phagocytosis,	 adherence,	 and	 migration	






bryonic innate immune maturation processes in invertebrates. In 
the ascidian larvae Boltenia villosa, specific immune genes showed 
temporal and spatial patterns of transcription that were restricted to 
postembryonic	morphogenic	stages,	and	blood	cell	migration	occurred	
in	two	waves	corresponding	to	changes	in	larval	lifestyle,	swimming,	
and	 settlement	 (Davidson	 &	 Swalla,	 2002).	 Juvenile	 animals	 in	 our	
study	were	not	axenic	as	they	were	hatched	into	an	environment	that,	
although lacking V. fischeri and V. harveyi,	was	not	sterile.	Therefore,	
host interactions with other environmental bacteria may also influ‐
ence innate immune maturation in E. scolopes. One strength of the 
squid–vibrio	association	is	the	ability	to	characterize	changes	to	im‐
mune response that are symbiosis dependent or independent without 
having to maintain animals under germfree conditions.
4.2 | Symbiont‐dependent hemocyte maturation
Microbe‐associated	molecular	patterns	have	been	shown	to	influ‐
ence cellular development in a number of host–microbe associa‐
tions,	including	the	squid–vibrio	system.	For	example,	exposure	to	
lipopolysaccharide	 (LPS)	 led	to	an	 increase	of	proliferating	hemo‐
cytes in hematopoietic tissue of the black tiger shrimp (Penaeus 
monodon)	(van	de	Braak	et	al.,	2002),	and	an	increase	in	hemocyte	
proliferation along with the expression of superoxide dismutase 
in the freshwater crayfish Pacifastacus leniusculus	 (Wu,	Söderhäll,	
Kim,	 Liu,	&	Söderhäll,	 2008).	 In	E. scolopes,	 the	MAMPs	LPS	 and	
peptidoglycan	 derivative,	 TCT,	 are	 responsible	 for	 inducing	 light	
organ	morphogenesis	early	in	postembryonic	development	(Foster,	
Apicella,	&	McFall‐Ngai,	2000;	Koropatnick	et	al.,	2004).	Tracheal	
cytotoxin is also responsible for initiating hemocyte trafficking dur‐
ing	light	organ	morphogenesis	(Koropatnick	et	al.,	2004,	2007).	It	
is	unclear	whether	MAMPs	from	V. fischeri affect hematopoiesis in 





recognition of V. fischeri	are	unknown,	they	likely	involve	interactions	
TA B L E  3  Summary	of	internalization	of	Vibrio harveyi by juvenile hemocytes
Time‐point
Total number of hemo-
cytes per treatment per 
bacterial exposurea
Number of hemocytes 
containing phagocy-
tosed Vibrio fischeri










Hatchling 30 0 8 26.6 1.25	±	0.46
24‐hr	apo 30 0 13 43.3 1.62	±	0.96
24‐hr	sym 30 0 7 13.3 1.29	±	0.49
48‐hr	apo 30 0 10 33.3 1.80 ± 1.03
48‐hr	sym 30 0 9 30.0 1.77	±	1.09
72‐hr	apo 30 0 10 33.3 1.77	±	1.09
72‐hr	sym 30 0 8 26.6 1.25	±	0.47
96‐hr	apo 30 0 11 36.3 1.45	±	0.69
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between	 host	 PRRs	 and	 their	 cognate	 MAMPs.	 Blood	 cells	 from	
other	invertebrates	express	PRRs	for	pathogen	recognition	and	ROS	
and	reactive	nitrogen	species	for	cytotoxicity	(Schmitt	et	al.,	2012).	
Likewise,	 hemocytes	 from	E. scolopes	 express	PRRs	 such	 as	EsToll 
and EsPGRP5,	 as	well	 as	members	 of	 he	 conserved	NF‐κB signal‐
ing	pathway,	 nitric	oxide	 synthase,	 putative	members	of	 the	 com‐
plement	pathway,	and	the	carbohydrate‐binding	proteins	galectins	
(Collins,	Schleicher,	et	al.,	2012;	Schleicher	et	al.,	2014).	In	addition,	
the transcript and protein abundance of many of these immune fac‐
tors,	as	well	as	protein	abundance	of	genes	involved	in	cytoskeletal	
dynamics,	 cell	 adhesion,	 and	 lysosomal	 function	 changes	 depend‐
ing	on	symbiotic	state	of	the	animal	(Collins,	Schleicher,	et	al.,	2012;	
Schleicher	et	al.,	2014).	Therefore,	 it	 is	 likely	that	these	changes	in	
gene expression and protein production underlie the molecular dif‐
ferences in binding and phagocytosis reported in this and previous 
studies	(McAnulty	&	Nyholm,	2017).	Our	results	suggest	that	hemo‐
cyte binding and phagocytosis behavior to V. fischeri changes during 
development	 (summarized	 in	 Figure	 5)	 and	 future	 studies	 should	
focus	on	characterizing	PRRs	during	this	maturation	process.
In	 addition	 to	 MAMPs,	 V. fischeri may have mechanisms to 
avoid hemocyte binding. V. fischeri has an outer membrane protein 
U (OmpU) that has been implicated in binding to squid hemocytes 
(Nyholm	et	 al.,	 2009).	OMPs	have	 also	been	 shown	 to	be	 import‐
ant	 virulence	 factors	 (McClean,	 2012),	 and	 mediators	 of	 hemo‐
cyte–bacteria interactions including V. harveyi	 (Yu,	Hu,	Sun,	&	Sun,	
2013) and Vibrio splendidus	 infections	 in	oysters	 (Duperthuy	et	al.,	
2011). In Vibrio parahaemolyticus,	OmpU	 is	 regulated	by	the	toxRS	
F I G U R E  4   Binding and phagocytosis of Vibrio fischeri and 
Vibrio harveyi	to	hemocytes	isolated	from	aposymbiotic(apo)‐
raised,	symbiotic	(sym)‐raised,	and	wild‐caught	adult	animals.	(a)	
The average number of bacteria bound per hemocyte. †Levels	
of bacterial binding that were significantly different from each 
other	within	an	animal	treatment,	p	<	0.0001.	*Levels	of	V. fischeri 
binding that were significantly different from all other animal 
treatments,	p < 0.001. Statistical significance was determined 
by	two‐way	ANOVA	with	post	hoc	pairwise	comparisons	using	
the Sidak's correction for multiple comparisons. (b) The average 




caught	sym,	p < 0.05. Statistical significance was determined by 
two‐way	ANOVA	with	post	hoc	pairwise	comparisons	using	the	
Sidak's	correction	for	multiple	comparisons.	(a,	b)	Bars	represent	
the average ± SE. N is number of hemocytes for which binding 
or	phagocytosis	was	observed,	Total	N is the total number of 
hemocytes	used	for	analysis	representing	5–7	biological	replicates	
with a minimum of 30 hemocytes chosen at random per replicate 
for analysis
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296 272 225 185 357 361Total N
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296 272 225 185 357 361





F I G U R E  5   Summary of hemocyte binding and phagocytosis 
results observed in animals ranging from hatching through adults. 
The numbers of Vibrio fischeri and V. harveyi shown attached to 
(dark	blue	and	dark	green,	respectively)	or	inside	(light	blue	and	
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two‐component	system	and	is	required	for	stress	tolerance	and	for	
intestinal	 colonization	 of	 a	 murine	 model	 of	 infection	 (Whitaker,	
Parent,	Boyd,	Richards,	&	Boyd,	2012).	A	previous	study	also	showed	
that biofilm production by V. fischeri may be important in evading 
hemocyte	binding	(Pankey	et	al.,	2017).	The	mechanisms	by	which	
OmpU or other symbiont factors contribute to host hemocyte rec‐
ognition of V. fischeri	are	unknown,	but	 future	studies	will	explore	
these interactions during host development.
4.3 | Hemocyte tolerance of the symbiont requires 
persistent symbiosis
Data	from	this	study	suggest	that	long‐term	colonization	by	V. fischeri 
alters hemocyte response specifically toward the symbiont during 
post‐embryonic	development	(Figure	5).	Immune	cell	maturation	and	
development can be influenced by a host's microbiota in a number 
of	ways,	 often	 to	promote	 tolerance	 to	 symbionts.	 For	 example,	 in	









and proportion of granulocytes (a hemocyte morphotype) in the pea 
aphid	(Schmitz	et	al.,	2012).	In	support	of	the	supposition	that	specific	
hemocyte	 response	 requires	 persistent	 symbiont	 colonization,	 we	
found	 that	hemocytes	 from	adult	 apo‐raised	animals	bound	a	 simi‐
lar number of V. fischeri and V. harveyi, but phagocytosed few V. fis-
cheri	cells	(Figure	4a,b).	This	finding	is	in	contrast	to	wild‐caught	sym	
adults that bound fewer V. fischeri than V. harveyi but phagocytosed 
a larger number of V. fischeri	cells	when	bound	(Nyholm	et	al.,	2009,	
this	 study).	 In	 addition,	 hemocytes	 from	 either	 apo‐raised	 or	wild‐
caught sym adults both bound and phagocytosed a similar number of 
V. harveyi	(Figure	4).	These	data	suggest	that	the	change	in	hemocyte	
response during maturation was therefore specific toward V. fischeri.
In	addition	 to	 sampling	wild‐caught	adult	hosts,	we	 raised	sym	
squid	with	the	working	hypothesis	that	hemocytes	from	sym‐raised	
animals	would	mirror	the	wild‐caught	animals	 in	hemocyte	binding	
and	 phagocytic	 behavior.	 Hemocytes	 from	 sym‐raised	 animals	 did	
bind and phagocytose V. harveyi to a similar level as hemocytes from 
apo‐raised	and	wild‐caught	sym	animals	(Figure	4a,b).	However,	they	
differed in their response to V. fischeri	 from	hemocytes	 from	wild‐
caught	animals	 in	two	ways.	First,	hemocytes	from	sym‐raised	ani‐








suggest that (a) hemocyte response to V. harveyi is not influenced 
by	the	colonization	state	of	the	light	organ	and	(b)	that	an	as‐of‐yet	
unidentified	signal,	in	addition	to	V. fischeri	persistence,	promotes	a	
fully mature hemocyte response to V. fischeri. In Drosophila,	multiple	
ligands and signaling pathways have been identified that are required 
for	 lymph	 gland	 development	 and	 hemocyte	 maturation	 (Fossett,	
2013;	 Minakhina,	 Tan,	 &	 Steward,	 2011;	 Tan,	 Goh,	 &	 Minakhina,	
2012).	 In	 addition,	 injection	 of	 β‐1,3‐glucan	 into	 the	 hemocoel	 of	
the crayfish Pacifastacus leniusculus resulted in hemocyte matura‐
tion	 that	 occurred	 in	 circulation.	Although	hematopoiesis	 is	 yet	 to	
be	characterized	in	E. scolopes,	these	findings	from	other	organisms	
support the hypothesis that hemocyte maturation can be influenced 
by factors downstream of hematopoiesis through signaling in hemo‐
lymph	(Söderhäll,	Bangyeekhun,	Mayo,	&	Söderhäll,	2003).
4.4 | Phagocytosis as an early specificity mechanism
We	observed	that	hemocytes	isolated	from	juvenile	animals,	regard‐
less	of	symbiotic	state,	phagocytosed	V. harveyi yet did not engulf V. 
fischeri in our in vitro assays.	Previous	studies	have	noted	hemocytes	
in	light	organ	crypt	spaces	in	juvenile	animals	with	internalized	bacte‐
ria	(Casaburi,	Goncharenko‐Foster,	Duscher,	&	Foster,	2017;	Nyholm	
&	Mcfall‐Ngai,	1998).	In	one	study,	phagocytosed	V. fischeri cells were 
observed in hemocytes from animals that were maintained under mi‐
crogravity conditions that likely induced stress responses in the host 
(Casaburi	et	al.,	2017).	Because	our	study	was	conducted	exclusively	
in vitro, in vivo conditions within the light organ may differ and also 
contribute to hemocyte–bacteria interactions. Hemocytes have 
been shown to migrate into the light organ in both juvenile and adult 
stages	yet	whether	these	hemocytes	re‐enter	the	circulatory	system,	
is	 currently	 unknown	 (Koropatnick	 et	 al.,	 2007;	 Nyholm	 &	Mcfall‐
Ngai,	1998;	Schwartzman	et	al.,	2015).	Even	though	our	study	was	
conducted	exclusively	with	circulating	hemocytes,	our	data	suggest	
that general juvenile hemocyte binding and phagocytosis behaviors 
differ during early development in interactions with V. fischeri and V. 
harveyi.	Further	investigation	of	hemocyte	interactions	with	bacteria	
under in vivo conditions may reveal mechanisms by which the host's 
immune	system	is	altered	by	light	organ	colonization.
Hemocytes	 from	 apo‐raised	 adults	 phagocytosed	 significantly	
more V. harveyi than V. fischeri,	a	response	similar	to	hemocytes	from	
juvenile	animals	and	different	from	hemocytes	from	wild‐caught	ani‐
mals. These data suggest that systemic hemocyte maturation contin‐
ues	past	72	hr	post‐hatching,	as	evidenced	by	the	consistency	in	the	








may contribute to hemocytes from sym adult animals differentially 
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binding V. fischeri and V. harveyi.	However,	our	data	suggest	that	the	
squid's cellular immune system initially uses the process of phagocyto‐
sis as a discriminatory mechanism in juveniles and switches to binding 
of bacteria later in life. There is some previous evidence to suggest 
phagocytosis	is	a	discriminatory	mechanism	in	innate	immune	cells.	For	
example,	both	Drosophila	S2	cells	and	mouse	Raw	264.7	macrophages	
phagocytose Candida albicans	with	white	 cells	but	not	opaque	cells,	
despite	the	two	cell	types	having	identical	genomes	(Lohse	&	Johnson,	
2008). This switch between cell types in order to avoid host immune 
response is thought to be a virulence mechanism for C. albicans,	a	fun‐
gal	pathogen.	We	hypothesize	that	E. scolopes uses different strategies 
of binding and phagocytosis to interact with V. fischeri during develop‐
ment	of	the	squid‐vibrio	association.	In	addition,	hemocyte	maturation	














E. scolopes possesses multiple mechanisms to ensure a specific and 
life‐long	 interaction	with	V. fischeri.	Upon	hatching,	hemocytes	do	
not appear to phagocytose the symbiont despite binding to V. fis-
cheri.	This	may	be	a	host	mechanism	to	ensure	that	colonization	is	
successful and persists during the early stages of the association. In 
the	absence	of	colonization,	V. fischeri remains resistant to phagocy‐
tosis,	 suggesting	that	 the	host's	cellular	 immune	response	remains	
primed	 to	 allow	 for	 eventual	 colonization.	 A	 mature	 symbiosis	 in	
which	sustained	colonization	 is	maintained,	as	seen	 in	wild‐caught	
adult	animals,	results	in	an	immune	response	that	ensures	long‐term	
maintenance of the symbiosis while allowing for a robust innate im‐
mune response against potential nonsymbiotic and/or pathogenic 
bacteria. Initial hemocyte recognition (or lack thereof) of the sym‐
biont	appears	 to	occur	at	 the	 level	of	phagocytosis,	whereas	 later	
in	development,	recognition	appears	to	be	mediated	more	by	bind‐
ing	 dynamics.	 These	 results,	 along	with	 previous	 studies,	 suggest	
that the connections between bacterial binding and phagocytosis 
are	complex,	and	that	symbiont	tolerance	 is	a	result	of	the	sum	of	
these	and	other	innate	immune	mechanisms.	Future	research	raising	
both apo and sym juvenile animals to investigate development of the 
hemocyte response will provide insight into the cues and molecular 
mechanisms that underlie maturation of the cellular innate immune 
response to symbiosis.
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APPENDIX 
F I G U R E  A 1   Binding and phagocytosis of Vibrio fischeri and Vibrio harveyi	to	hemocytes	isolated	from	aposymbiotic	(apo)‐raised,	
symbiotic‐raised,	and	wild‐caught	adult	animals;	general	hemocyte	behavior.	(a)	The	average	number	of	bacteria	bound	per	hemocyte.	
†Levels	of	bacterial	binding	that	were	significantly	different	from	each	other	within	an	animal	treatment,	p	<	0.0001.	*Levels	of	V. fischeri 
binding	that	were	significantly	different	apo‐raised	animals	but	not	each	other	p < 0.001. #Levels	of	V. harveyi binding that are significantly 
different	from	wild‐caught	animals	but	not	each	other,	p	<	0.0001.	Statistical	significance	was	determined	by	two‐way	ANOVA	with	post	
hoc pairwise comparisons using the Sidak's correction for multiple comparisons. (b) The average number of bacteria phagocytosed per 
hemocyte. †Levels	of	bacterial	internalization	that	were	significantly	different	from	each	other	within	an	animal	treatment,	p < 0.0001. 
*Levels	of	V. fischeri	internalization	that	were	significantly	different	from	wild‐caught	animals	but	not	each	other,	p < 0.0001. #Levels	of	
V. harveyi binding that were significantly different from each other p	<	0.01.	Statistical	significance	was	determined	by	two‐way	ANOVA	
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The language of Host-microbe interactions is comprised of Microbe-Associated Molecular 
Patterns and host Pattern Recognition Receptors. 
Communication between host immune cells and microbiota is thought to be mediated by host 
pattern recognition receptors (PRRs) and microbe-associated molecular patterns (MAMPs, e.g. 
peptidoglycan, LPS, outer membrane proteins, etc.). MAMPs that would in many situations be 
harmful to the host can act as signaling molecules in other hosts or tissues. For example, the 
peptidoglycan monomer tracheal cytotoxin (TCT) is the causative agent of tissue damage in 
whooping cough but is an important developmental signaling molecule in the initiation of the 
squid-Vibrio system34. MAMPs are thought to be the language of host-microbe communication, 
e.g. the Bacteroides fragilis MAMP Polysaccharide A (PSA) communicates with cells of the gut 
to induce the development Foxp3+ Treg cells via TLR2 signaling, which produce the immune 
regulatory Interleukin IL-1076 , leading to healthy homeostasis. Colonization of E. scolopes by V. 
fischeri causes a transcriptional change in many genes of the light organ, including chymotrypsin 
protease, cathepsin L, and legumain42. V. fischeri MAMPs TCT and LPS are together necessary 
and sufficient for the induction of developmental changes to the squid light organ34. It is essential 
for animal hosts to walk the line between detecting signals from bacteria, both beneficial and 
harmful, without over-activating the immune system leading to inflammation. 
 
           





Peptidoglycan recognition proteins are highly conserved and important modulators of and 
effectors for the immune response. 
Symbiotic association with microbial partners is a widespread feature of biological 
systems. Pattern recognition receptors are conserved proteins at the front line of defense in the 
innate immune system of all animals. Peptidoglycan recognition proteins (PGRPs) are PRRs 
responsible for recognizing and sometimes degrading bacterial peptidoglycan, a component of 
bacterial cell walls180. Euprymna scolopes is a model organism for studying the symbiosis with its 
bioluminescent partner, Vibrio fischeri. Peptidoglycan recognition protein 5 (PGRP5) is highly 
expressed in hemocytes and is differentially expressed between colonization states47. This small 
project set out to understand the role of PGRP5 in the squid-vibrio symbiosis.  
EsPGRP5 is a peptidoglycan recognition protein whose transcripts are highly abundant in 
hemocytes, at similar expression levels as housekeeping genes (i.e. heat shock protein 70 and a 
subunit of cytochrome C oxidase)47. PGRP5 was found to be differentially expressed both at the 
gene and protein level between squid that have been colonized by V. fischeri and animals that were 
cured of their symbionts with antibiotics47,181. PGRPs are known regulators of immune response 
to microbiota in other organisms such as Drosophila182, and have been shown to have roles in 
mediating symbiosis in E. scolopes40,89. The known functions of other PGRPs combined with our 
data showing differential expression between colonization states supports the hypothesis that 
EsPGRP5 plays a role in the symbiosis with V. fischeri.  
Two types of peptidoglycan exist; diaminopimelic acid-type (DAP-type), which is present 
in Gram- bacteria and members of the Bacillus group and Lysine-type (Lys-type), which is present 
in most Gram + species. In Drosophila, some amidase PGRPs are specific to one of these types 
while other PGRPs are generalists183. While peptidoglycan exists in two main types, further 
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variations of peptidoglycan exist within each group, and some PGRPs have been shown to be more 
specific than only to the DAP or Lys-type184. 
 
Results and Discussion 
PGRP5 is localized to lysosomes  Previous antibody staining showed that PGRP5 was localized to 
vescicles. I co-stained hemocytes with lysotracker and PGRP5 and found that these two stains co-
localized, indicating that PGRP5 is present in acidic compartments in the cell.  
 
Potential amidase activity of PGRP5 The EsPGRP5 protein sequence contains 4 conserved 
residues indicating amidase activity (Figure 2). EsPGRP5 has 2 of 3 conserved resides indicating 
specificity to DAP type peptidoglycan.  In order to test amidase activity, recombinant EsPGRP5 
was expressed in Rosetta 2 Escherichia coli cells. Once purified, EsPGRP5 amidase activity was 
tested against a PGN monomer produced by V. fischeri (tracheal cytotoxin), and two types of PGN: 
diaminopimelic acid-type (DAP-type) and Lysine-type (Lys-type). Purified EsPGRP5 was tested 
for bactericidal effects on species of biological relevance. The species used was the symbiont, V. 
fischeri, the non-symbiotic Vibrio harveyi, V. parahaemalyticus, and V. anguillarum a marine 
Bacillus species found in Hawaiian waters, Exiguobacterium aestuarii. PGRP5 showed putative 
amidase activity against V. harveyi, and V. anguillarum, but not V. fischeri, V. parahaemalyticus, 
or Exiguabacterium aestuori (Figure 3). 
 
METHODS              
Localization Circulating hemocytes were allowed to adhere to coverslips and incubated in 
LysoTracker Red DND-99 (Life Technologies cat. Nr. L-7528), a fluorescent dye that 





accumulates in acid compartments. Cells were then fixed in 2.5% formaldehyde and briefly 
permeabilized with marine PBST. Cells were then immunostained for PGRP5 using a polyclonal 
antibody against a peptide of PGRP5 and a goat anti-rabbit conjugated to AlexaFluor488 was 
used as a secondary antibody. Cells were imaged using the Nikon A1R Confocal microscope. 
 
Protein purification A recombinant PGRP5 containing pET-28a vector was transfected into 
Escherichia coli Rosetta 2 (DE2) cells (Novagen). rPGRP5 was isolated using Nickel affinity 
columns (GE His Trap). PGRP5 expression was confirmed by Western blot analysis (S1). 
 
Amidase assays, in brief  Peptidoglycan was isolated from bacterial strains according to Brown 
2012185.  20 µg/mL of rPGRP5 was incubated with 2mg/mL peptidoglycan and OD600 was 












Figure 1 Bioinformatic analysis of PGRP5 Swiss Model of PGRP5 based on protein sequence 
(A). Protein sequence of PGRP5 highlighting residues associated with amidase activity (yellow) 
and DAP-specific amidase activity (pink).  Peptidoglycan binding domain underlined.  
  





















Figure 3 Localization of PGRP5 with acidic compartments. Lysotracker (yellow), PGRP 
antibody (blue), and phalloiden (purple).   






Figure 4 Localization of PGRP5 within hemocytes from other cephalopods.  The common 
European cuttlefish, Sepia officinalis hemocytes stained with Draq5 (blue), PGRP5 (green), and 
ConcanavalinA (Pink). (B) and market squid Doryteuthis pealeii hemocytes stained with DAPI 




Comparison of Sepia officinalis and E. scolopes hemocyte development 
 
 
Results and discussion 
Circulating hemocytes from E. scolopes are characterized by large lobate u-shaped nuclei, with 
condensed chromatin often localized to the center of the lobes.  Differential prominence of smooth 
endoplasmic reticulum was observed between white body cells and circulating hemocytes. 
Additionally, circulating hemocytes had many more vesicles and electron dense granules than 
white body cells (Fig. 1-2).  Glycogen was often found towards the edges of cells in circulating 
hemocytes(Fig. 1).   
Based on the Claes 1996, it appears that the ultrastructure of Sepia officinalis hematopoiesis is 
very similar to that in E. scolopes.  In both species clusters of cells in the same developmental 
stage are found sporadically through the tissue, with no pattern in the developmental stages of the 
cells in their immediate area (Fig. 3). Circulating Euprymna scolopes hemocytes appear 
structurally similar to the previously published Sepia officinalis ultrastructure (LePabic 2014).  
Both organisms have one morphological type of hemocyte with large lobate nuclei and similar 
vesicle and granule structure (Fig. 1-2).  Developmental stages proposed by Claes 1996 seems to 
also occur in E. scolopes hematopoiesis as shown in figure 4.  
 
Electron microscopy of the white body and circulating hemocytes of Euprymna scolopes offered 
insight into the development of the immune system.  This investigation showed that E. scolopes 
hematopoiesis is morphologically similar to close relative S. officinalis.  The circulating hemocytes 
of both species are also similar in ultrastructure.  This study established that hematopoiesis and 
circulating hemocytes in E. scolopes are more similar to cuttlefish than other documented species, 





the common octopus, Octopus vulgaris(Castellanos-Martinez et al. 2014, Troncone et al 2014) .  
Sepia officinalis is a frequently studied model organism and a species of interest for aquaculture.  
In order to understand the development of immune tolerance to Euprymna scolopes’ tolerance to 
Vibrio fischeri, it is essential to know how hematopoiesis occurs in E. scolopes.  Knowing that 
Sepia officinalis immune cells and hematopoiesis are very similar to Euprymna scolopes allows 
for new research on Sepia officinalis immunity to be applied E. scolopes. The preliminary evidence 
shown here of hemocyte extravasation into white body tissues supports one of the current 
hypotheses in our system that hemocytes could be influencing hematopoiesis by trafficking back 
to white body tissues and signaling developing hemocytes to tolerate V. fischeri 
 
Methods 
White bodies were dissected from anesthetized animals and immediately immersed in a 2.5% 
glutaraldehyde, 2% paraformaldehyde, 0.1 M sodium cacodylate buffer with 0.375 M NaCl, and 
0.0015 M MgCl2 and CaCl2, at pH 7.5. White bodies were fixed at room temperature for 1 hour, 
then placed in fresh, cold fixative and stored in the fridge until dehydration.  
Squid hemocytes were isolated after being exposed to the symbiont, Vibrio fischeri, and a non-
symbiotic vibrio, Vibrio harveyi.  Squid were injected with 20uL of squid ringers solution 
containing 1x105 bacterial order for circulating hemocytes to interact with bacteria in vivo. After 
1 hour squid were anesthetized and hemolymph was drawn and stored on ice.  Cells were spun at 
1,000 x g for 15 minutes to create a pellet, and supernatant was discarded.  Cells were then fixed 
in 2.5% glutaraldehyde for 20 minutes at room temperature.  Cells were then re-spun at 1,000 x g 
for 15 minutes and resuspended in 3% agar in 0.1 M sodium cacodylate buffer with 0.375 M NaCl, 
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and 0.0015 M MgCl2 and CaCl2, at pH 7.5.  Cells were then spun at 4000 x g for 5 minutes and 
agar was allowed to solidify.  
Fixed white bodies and hemocytes were washed in a buffer containing 0.1 M sodium 
cacodylate buffer with 0.375 M NaCl, and 0.0015 M MgCl2 and CaCl2, at pH 7.5 overnight, then 
washed three times 15 min each in buffer. White bodies were immersed in a solution of 1% osmium 
and 0.8% potassium ferricyanide for 1.25 hours at 4° C for more intense membrane staining. White 
bodies were subsequently washed in deionized water three times for 15 minutes at 4°C. An ethanol 
dehydration series of 15 minute washes was completed of progressively 30%, 50%, and 70% 
ethanol at 4°C at which point samples were brought to room temperature to prevent water 
condensation.  Dehydration continued with 95% ethanol and two subsequent 100% ethanol steps 
for 15 minutes.  Samples were then transferred to propylene oxide for 10 minutes two times, then 
immersed in a 1:1 medium formulation e-pon:propylene oxide for approximate 2 hours on a 
rotator. Samples were then transferred to 3:1 resin:propylene oxide on the rotator overnight. Resin 
was replaced three times over two days to ensure complete infiltration. Hemocytes and white 
bodies were then embedded and baked for 36 hours to set the resin fully. 
Samples were sectioned on a Leica UCT Ultramicrotome. Semi-thins were cut with a glass 
knife, stained with a 1:1 solution of Azure II and Methylene Blue, and viewed with a light 
microscope in order establish organ orientation. Ultrathin sections (90 nm thick) were cut on a 
diamond knife and were collected on thin-bar 300 count grids. Sections were stained with 2% 
uranyl acetate for five minutes, and with lead citrate for three minutes. All samples were imaged 
on an FEI Technai G2 Spirit BioTWIN transmission electron microscope.  For each condition at 
least 4-6 sections were viewed.  
 
 






Figure 1 Circulating hemocytes in E. scolopes. Vacuoles (V) Condensed chromatin (C) Glycogen 







Figure 2 Internal ultrastructure of hemocytes. Bottom left panel arrows indicate smooth ER.  
 
  







Fig. 3 Cells in same developmental phase often found clustered together in both Sepia officinalis 



















Figure 4 Euprymna scolopes hematopoiesis developmental stages (Left) and Sepia officinalis 
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